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Abstract 
Devising new catalysts with high activity under visible light irradiation is one of the 
greatest challenges in photocatalysis. Seeking novel photocatalysts for fine chemical 
synthesis, which involves controlled oxidation and reduction reactions is of utmost 
interest. This thesis includes four different types of such photocatalyst materials. 
In this thesis, we have shown that V6O13 species grafted on versatile oxide supports 
to be highly active and selective for aliphatic and aromatic alcohol oxidation. 
Vanadium oxide species are not new in the field of catalysis. In fact, widely known 
V2O5 is a semiconductor photocatalyst under UV irradiation. Novelty in this work is, 
we have successfully studied visible light photocatalytic activity of mixed valence 
vanadium (+4) and (+5) for the first time. Apart from alcohol oxidation (aliphatic and 
aromatic) this catalyst is also capable of activating C-H bonds of saturated alkyl chains 
of aromatic hydrocarbons. V6O13 based novel catalyst is temperature independent and 
atmosphere dependent. No additives are required in this system which makes it more 
environmentally benign. Electron spin resonance studies together with density 
functional theory (DFT) calculations reveal this new catalytic system is unique in the 
sense it is not driven by either radical or semiconductor mechanism. Alcohol adsorbs 
on V6O13 centre forming a surface complex and this is highly visible light responsive, 
and the reaction is believed to proceed via excited states. The prospect of non-noble 
metal catalysed selective oxidation using an earth abundant element and molecular 
oxygen at room temperature has the potential to deliver greener industrial processes in 
the future. 
Supported Au NPs are the widely studied visible light photocatalysts in recent years. 
Visible light activity of Au NPs arises due to the localized surface plasmon resonance 
(LSPR) effect. Looking at the literature, we can understand that differently supported 
Au NPs are active for different types of reactions. One prominent feature is most of the 
time they can either catalyse selective oxidation reactions or selective reduction 
reactions. We wanted to find a new support material which can be equally active for 
selective oxidation and reduction reactions, simultaneously. In the next study, we used 
silicate clay laponite and modified it with different metal oxides to form mesoporous 
metal oxide-silicates and used them as composite supports for Au NPs. We found that 
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Au-La2O3-silicate catalysts are highly active and selective for both selective oxidation 
of benzylic alcohols and reduction of nitro aromatics reactions. Computational studies 
revealed when Au NPs are loaded on La2O3-silicate support, electric field enhancement 
is nearly doubled around the Au NPs compared to the field enhancement of Au-silicate 
for both oxidation and reduction environments. We further extend the study to 
understand whether the Au NPs on the pore or on the surface are more potent and the 
stabilization effects of reaction product azoxybenzene and found Au NPs inside larger 
mesopores of Au-La2O3-silicate is more active.  
This thesis also shows TiO2 (anatase) supported on silicate can act as efficient 
visible light photocatalysts for benzylamine oxidative coupling to imine. TiO2 is still 
the most widely studied photocatalyst material by many scientists around the world. If 
we could achieve visible light activity using TiO2 without expensive and toxic heavy 
metal ion doping, it will be an environmentally green process. Diffuse reflectance UV-
visible spectra shows TiO2-silicate, the new catalyst material prepared in the current 
study has improved light absorption in the visible region compared to TiO2 (anatase). 
Most importantly electron rich amine molecules adsorb on TiO2 centre and this 
complex formed is visible light responsive. We showed that, this TiO2-silicate 
photocatalyst can be recycled up to five consecutive rounds without significant loss of 
activity and selectivity. We also demonstrated that water can be used in this reaction 
system. Reaction rates observed are much higher with TiO2-silicate compared to its 
TiO2 (anatase) counterpart. TiO2-silicate has a better light response λ> 460 nm, this is 
much better than the literature reported value λ>420 nm for most of the modified TiO2 
based visible light photocatalysts. 
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INTRODUCTORY REMARKS 
This thesis titled “Development of Visible Light Photocatalysts for Organic Fine 
Chemical Production” has investigated different types of catalyst materials that absorb 
visible light in distinctly different mechanisms to drive a variety of selective organic 
transformations.  
Photocatalysts studied to date include but not limited to semiconductor materials with 
a band gap in the ultra violet (UV) or visible region of the spectrum, plasmonic metal 
nanoparticles (NPs) such as gold, silver and copper in which the visible light absorption 
is mainly due to the localized surface plasmon resonance (LSPR) effect, non-plasmonic 
metals such as Ir, Pd, Pt and Rh those can absorb UV-visible light owing to d-d 
transitions in that part of the energy scale to produce energetic electrons to activate 
desirable chemical bonds. Non-metal nanoparticles, oxides, nitrides and hydroxides of 
Nb, Ta, La and Bi have also been recently studied as promising photocatalytic materials. 
Continuous progress in the field of photocataysis, especially to utilize visible light is 
inspiring. 
Regardless of the immense number of work already been done on TiO2 
semiconductor material which can only harvest UV light (~5%), it is still the widely 
studied semiconductor material. Recent efforts have been focused mainly on modifying 
TiO2 suitably so that the modified TiO2 based material is capable of harvesting visible 
light photons. However, TiO2 photocatalysts were applied in dye degradation or 
complete degradation of pollutants and less effort is given to developing TiO2 
photocatalysts for selective organic reactions. This thesis studied a composite catalyst 
of silicate modified titania material to absorb visible light photons to produce imines by 
oxidative-coupling of benzylamine. 
Furthermore, this thesis worked on Au NPs supported on mesoporous oxide supports. 
Even though supported Au NPs have been studied for number of selective organic 
reactions, understanding of the support effect on the overall performance of the catalyst 
requires more work. In this regard, Au NPs supported on composite supports of silicate 
from laponite and transition metal oxides was studied for selective oxidation and 
selective reduction reactions. Also found was the correlation between the Au NPs 
distributed over the pores and the activity of the catalyst.  
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Moreover, earth abundant vanadium based oxide V6O13 was studied extensively for 
selective oxidation of aliphatic and aromatic alcohols. It was further extended to 
selective oxidation of C-H bonds of stable aromatics hydrocarbons. This was the first 
report to study the visible light photo activity of V6O13. Reaction mechanism was 
investigated deeply by experimental means and density functional theory (DFT).   
   This thesis is a collection of published, submitted and prepared works by the author 
to various scientific journals. Thus, the general formatting follows the style of the 
specific journals. Repetition and redundancy in the introductory sections of each paper 
is unavoidable due to the close relationships between the subject matter published. 
The flow chart in the next page graphically represents the flow and the structure of 
the thesis.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
An overview of photocatalysts with semiconductors, plasmonic and non-
plasmonic metal nanoparticles and non-metal nanoparticle photocatalysts. 
CHAPTER 2: NON-METAL NANOPARTICLE PHOTOCATALYSTS 
FOR SELECTIVE OXIDATION OF ALIPHATIC AND AROMATIC 
ALCOHOLS AND STABLE ALKYL CHAINS OF AROMATIC 
HYDROCARBONS  
A study on supported vanadium oxide species for selective oxidation of 
aliphatic and aromatic alcohols and saturated aromatic hydrocarbons.  
CHAPTER 3: EFFICIENT PHOTO REDOX CATALYSIS BY 
SUPPORTED GOLD NANOPARTICLES UNDER VISIBLE LIGHT  
A study on supported gold nanoparticles to drive selective reduction of 
nitrobenzene to azoxybenzene and oxidation of benzylalcohol to benzaldehyde 
under visible light. 
CHAPTER 4: MODIFIED SEMICONDUCTOR PHOTOCATALYST 
FOR SELECTIVE ORGANIC SYNTHESIS BY VISIBLE LIGHT 
A study on silicate supported anatase nanoparticles for oxidative coupling of 
primary benzylic amines to imines. 
CONCLUSION AND FUTURE WORK 
Conclusions are derived based on the scientific work presented in this thesis 
with respect to each chapter and the avenues for future work are noted. 
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CHAPTER 1 
INTRODUCTION AND LITERATURE 
REVIEW 
1.1 Introduction  
More than 85% of the energy consumed today is from the combustion of oil, coal and 
natural gas.
1
 Fossil fuel reserves are threatened with rapid depletion, due to heavy 
consumption since industrial revolution. In 2010, the European chemicals industry 
alone (including pharmaceuticals) used a total of 54 million tonnes of oil equivalent of 
fuel and power consumption.
2
 Apart from that, use of carbon based fuels results in 
global warming and subsequent climate change effects as a consequence of released 
carbon dioxide accumulating in the atmosphere. Alternative green energy sources such 
as wind energy, solar energy, geothermal energy, fuel cell technology, liquid nitrogen, 
hydrogen fuel, biodiesel and tidal energy have gained more attention.
3
 However, so far 
only hydrothermal energy and nuclear power attained useful applications in green 
energy and sustainable living arrangements. 
Solar energy includes energy in UV (wavelength 200-400 nm) about 5%, ~43% of 
visible (wavelength 400-800 nm) and about 52% in infrared (wavelength >800 nm) 
regions. Solar energy that reaches the earth surface is about 3 x 10
24
 joules per year and 
it is 10,000 times higher than the current energy consumption.
4
 The values indicate how 
important and promising it is to use solar energy in energy intensive processes such as 
chemical transformations.  
Chemical industries heavily rely on catalysts and higher operational temperatures to 
overcome often high energy barriers.
5-7
 It would be a significant breakthrough if energy 
intensive thermal reactions could be replaced by reaction systems devised to drive the 
syntheses with sunlight, the reliable, abundant and green energy source. Photocatalysis, 
as defined by International Union of Pure and Applied Chemistry (IUPAC) is a 
catalytic reaction involving light absorption by a catalyst or substrate.
8
  
The term photocatalysis came into common practice only after the study by 
Fujishima and Honda in 1970s.
9-10
 They found that semiconductor titanium dioxide 
5 
 
 
(TiO2) could absorb UV photons and split water producing hydrogen gas. The research 
involving semiconductor photocatalysts, such as TiO2 and ZrO2, to date has been 
expanded over water splitting reaction,
11-14
 degradation of organic pollutants in 
environmental remediation
15-22
 and solar cell materials to harvest, store and retrieve 
solar energy
23
 efficiently and effectively. However, the need for high energy UV 
photons to generate energetic charge carriers (electrons and holes) in most conventional 
semiconductors, due to their wide band gap, limits the application
24-26
 in the entire 
range of solar energy. Surface modification of traditional semiconductors by painting 
light harvesting metal nanoparticles (NPs) or doping the semiconductor materials with 
a metal or insulator dopant in order to absorb visible light photon
27-30
 to generate 
excited energetic electrons and holes is a continuing field of study to strengthen the 
response of semiconductors in a wide range of solar radiation.     
In addition to utilising solar energy, photocatalysis enables chemical reactions to shift 
the thermodynamic emphasis from performing high temperature chemical reactions,
31-
33
 and favour them to occur at ambient conditions. At high temperature various 
chemical bonds could be activated, potentially leading to undesirable consequences. 
One of the challenges in photocatalysis is to devise new photocatalysts that better 
utilize visible and infrared light to drive reactions with high conversion rate and 
selectivity at ambient conditions.
34-35
 Despite the wide attention on heterogeneous 
photocatalysis which has expanded tremendously during the last decade, only limited 
evidence is available on the use of visible light photocatalysts for organic fine chemical 
production.
36-39
 Recent discoveries have revealed that use of suitable photocatalysts 
could drive highly selective partial oxidation and reduction reactions, often preferred in 
the synthesis of fine chemicals with visible light.  
Noble metal NPs have been found to be promising candidates to harvest light 
energy
40-41
 due to their high optical absorption over a wide range of solar spectrum 
including UV, visible and IR regions. NPs can efficiently deploy the absorbed energy 
in chemical processes. Noble metal NPs (Au, Ag, and Cu) interact with UV-visible 
light through an excitation of localized surface plasmon resonance (LSPR),
42
 which is 
highly sensitive to the size and shape of the metal NPs.
43-46
 LSPR effect is the photon-
induced collective oscillation of the conduction electrons in the metal nanostructure and 
occurs when the frequency of surface electrons oscillating against the restoring force of 
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the positive nuclei matches the frequency of incident light. As a result generates a high 
volume of energetic electrons on the surface of the nanostructure along with 
magnifying the surrounding electric field,
47-48
 which will then drive photocatalytic 
transformations on these nanostructures. Photocatalytic electron driven processes on 
metal nanoparticles exhibit fundamentally different behaviour compared to phonon-
driven thermal processes, potentially allowing selective bond activation.
36
    
Initially, noble metal NPs were used to enhance the activity of semiconductors. 
Metal-semiconductor systems such as Au/TiO2 and Ag/AgX (X:Cl/Br/I) systems have 
been developed and studied.
49-51
 In these systems conduction electrons of the metal NPs 
act as miniature antennae to gain energy in the absorbed light and then migrate to the 
conduction band of the semiconductor. Noble metal NPs have broadly been used as the 
active catalyst component in many important reactions under non-photocatalytic 
conditions, such as hydrogenation of olefins
52
 by Bond et al., hydrochlorination of 
acetylene
53
 by Hutchings and low temperature oxidation of carbon monoxide
54
 by 
Haruta et al.. Accordingly, combining the catalytic capability of noble metal NPs with 
the light absorption property of the nanostructure presents an opportunity to design a 
new class of efficient sunlight driven direct photocatalysts based on noble metal NPs.     
This concept was verified with reports of plasmonic Au NPs and Ag NPs supported 
on photocatalytically inert supports drive degradation of organic molecules under 
visible light irradiation.
15,21-22
 Use of photocatalytically inert supports such as insulator 
or very wide band gap semiconductor materials ensure there is no electron transfer 
between the metal NP and the host upon visible light irradiation. In addition, use of 
porous materials of high surface area and with different surface acidity and basicity 
character, carbon materials (graphene, single or multi-walled carbon nanotubes) and 
polymers offer great promise as support materials with unique functionality, that can be 
synergistically combined with metal NPs to improve overall catalytic performance. In 
such systems both light harvesting and catalytic activation take place on noble metal 
NP sites with a precisely different mechanism to that of semiconductor photocatalysts. 
Following that, studies on a number of selective oxidation, selective reduction and 
coupling reactions have been realized under controlled photocatalytic conditions with 
evidently different reaction mechanisms where light and heat is effectively coupled.
34-39
 
7 
 
 
However, the number of chemical reactions that can be catalysed by these noble 
metal NPs is relatively low compared to other catalytically active non-plasmonic 
transition metal NPs such as Pd, Pt, Ir, Rh and Ru.
55
 Due to their efficacy in activating 
a wide range of chemical bonds, they possess a broad applicability in the synthesis of 
important organic compounds though these non-plasmonic metal NPs are poor visible 
light absorbers. An effective approach to enhance the scope of visible light mediated 
synthesis of wide range of synthetically useful organic compounds is to alloy light 
responsive noble metal NPs with catalytically mobile non-plasmonic metal NPs. In 
such nanostructures plasmonic metal NPs harvest visible light and improve the intrinsic 
catalytic activity of non-plasmonic metals in the visible region and ambient conditions. 
Recent studies on Au and Pd alloy NPs affirm that the alloy system can photocatalyse 
reactions that are previously driven by heat using Pd catalysts.
55
 
UV and visible light photons can theoretically excite electrons in both plasmonic 
and non-plasmonic metal NPs, when incoming photons have sufficient energy to 
induce electronic transitions between any two states separated by the metal’s Fermi 
Level.
56
 This concept has also been verified by a recent breakthrough study by Sarina et 
al. with Ir, Pd, Pt and Rh NPs for selective oxidation and selective reduction reactions 
under UV-visible light irradiation.
57
 
Metal NPs immobilized on inert supports demonstrate great promise in 
heterogeneous green synthesis, yet it is important to study more photocatalytic systems 
with different metal and alloy combinations with earth abundant, inexpensive soft 
metals. Non-metal heterogeneous photocatalysts has simultaneously been applied in the 
photocatalytic activation of stable C-H bonds of alkyl aromatics and selective oxidation 
of alcohols using light harvesting surface alcoholate and chlorinated species
58-59
 and 
hydrous metal oxides.
60,61
 This is a recent advancement of heterogeneous 
photocatalysis and offers a wealth of new opportunities.  
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1.2   Semiconductor photocatalysts 
TiO2 based semiconductor materials are the most heavily studied photocatalysts due to 
suitable band gap and long-term photostability.
62-63
 They have found potential 
applications in areas that include clean energy production (hydrogen production and 
solar cells), environmental remediation and chemical reaction technologies.
11-23,64
 
Photocatalytic mechanism of a semiconductor mainly lies on the band gap of the 
material. Band gaps of different semiconductors are shown in Figure 1.
65
 Importance of 
suitably spaced band gap is, if the band gap is too high there will not be any reaction 
occurring under sunlight since the energy of incoming light photons must have enough 
energy to excite the electrons in the valence band to its conduction band and when the 
band gap of the semiconductor is too narrow it will be eroded easily during the 
photoinduced reactions.          
 
Figure 1. Band gap energies of several semiconductors in aqueous electrolytes at pH=1. Adapted from 
Ref [65]. 
 
General mechanism of a semiconductor is given in Figure 2.
66
 Initial step upon 
illumination of the semiconductor by light with an energy exceeding its band gap 
energy enables the electrons in the valence band (VB) to excite to the conduction band 
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(CB). Consequently a hole is generated in the valence band, holes are more potent than 
excited electrons. 
Both photoexcited electrons and holes can activate reactant molecules when energy 
levels are appropriate and take part in reduction and oxidation reactions respectively at 
separate sites on the particle surface. Charge carriers generated in the particle needs to 
move to the surface of the particle to be captured by the reactant molecules. 
Recombination of electrons and holes rapidly after excitation is a drawback that lowers 
the efficiency of the semiconductor photocatalysts. The quantum efficiency of the 
reactions depends on the charge transfer rate at the interface, on the recombination rate 
within the particle, and on the transit time of the photogenerated charge carriers to the 
surface.
67
   
  
Figure 2. Generalized schematic of photoactivated semiconductor mechanism. Adapted from Ref [66]. 
 
It is well known that TiO2 photocatalysts are limited to illumination by UV light 
because the band gap of the TiO2 solids is large.
65,68
 Various attempts have been made 
to improve both the efficiency as well as the capability to utilize visible light photons 
for the photocatalytic processes. Doping the semiconductor with metal ions and non-
metal elements presents one approach that has been widely employed.
69
 Another 
promising avenue to increase the photocatalytic activity of metal oxide semiconductor 
particles has shown to be the deposition of noble metal particles on their 
surfaces.
65,68,70-72
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1.2.1 Metal and non-metal doping 
Often the respective research has been focused on the incorporation of transition metals 
such as Fe, Cr, Ni, Co and Cu into TiO2 matrix
73-80
 and non-metal dopants and co-
dopants like B, C, N, P, and S.
81-87
  
It is postulated that bulk metal doping or matrix substitution introduces interior 
electronic states between the valence band and the conduction band of the 
semiconductor. These intermediate states created between the band gap results in an 
absorption band shifted into the visible region.
88
 Nevertheless, the metal loading 
strategies are mostly unsuccessful in efficiently initiating the photocatalytic reactions 
under visible light irradiation, since the doping sites may act as rapid charge 
recombination centres.
89-91
 
It is considered that incorporating non-metal dopants can replace oxygen in the TiO2 
lattice, producing a shift in the absorption edge of the TiO2 to lower energy
64
 which 
leads to enhanced photocatalytic activity in the visible region.  Incorporating non-metal 
elements is preferred over metal doping on account of the position of the conduction 
band. In non-metal doping the conduction band remains constant to that of pristine 
TiO2 and thus preserves the photoreduction activity of the conduction band.
85,92
 In 
general, 2p states of oxygen in the TiO2 matrix hybridizes with the p states of the 
incorporated atoms, generating new electronic states above the upper level of the 
valence band.  These levels in the band gap are responsible for visible light absorption. 
There is another view that doping TiO2 with N like atoms is similar in properties to 
impurity sensitization. 
It was recently reported that electronic states could be generated within the band gap 
of TiO2 by a new approach using silica.
64
 In this approach optimal trace amount of 
silica is grafted on the surface of the TiO2 substrate. Here, 2p states of the silicon bound 
low-coordinated oxygen atoms are observed to shift from the valence band up into the 
band gap and the structural model of energy states within the band gap of TiO2 is 
shown in Figure 3 for different levels of silica grafting.  
11 
 
 
 
Figure 3. Structural model of energy states within the band of TiO2 at varying level of silica grafting. 
Adapted from Ref [64]. 
The photoinduced electron transfer between these states with the conduction band of 
TiO2 allows the absorption of visible light to take place. Grafting a small amount of 
SiO2 at the surface of TiO2 is distinctly different from mixed TiO2-SiO2 oxides phase
77
 
in their properties and behaviour.  The former renders visible light response whereas 
latter only improves the activity of TiO2 in the UV region (no influence on the band 
engineering). In the SiO2 grafted TiO2 structure, visible light activity is not due to the 
substitution of Si atoms with Ti atoms or O atoms in the TiO2 lattice. This work 
provides an initiative to work with silica based materials to enhance visible light 
response of TiO2, because dopants usually act as recombination centres and reduce the 
efficiency of the photocatalysis even though they alter the band edge of TiO2 and 
improve the visible light response. 
1.3   Plasmonic metal nanoparticles photocatalysts 
The localized surface plasmon resonance (LSPR) effect is a phenomenon that occurs in 
any conduction metal when the diameter of metal NP is much smaller compared to the 
wavelength of the incident light.
93-95
 Considering the feasibility of producing stable 
metal NPs, Au, Ag and Cu are considered as plasmonic metals since they exhibit a 
LSPR effect upon visible light illumination. Based on their high surface catalytic 
properties at nano scale and strong light-matter interaction, plasmonic metal NPs are 
undoubtedly promising candidates as photocatalysts.  
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1.3.1 Localized surface plasmon resonance effect 
In a NP made up of a conducting metal, the electric field of an incoming light wave 
induces a polarization of the (free) conduction electrons relative to the bulky and heavy 
nucleus. The net charge separation occurs at the nanoparticle surface boundaries. LSPR 
occurs as a result of the interaction between the electromagnetic wave and the 
nanoparticle. The particles must be much smaller in size compared to the wavelength of 
incident light. In such a situation, when the wavefront passes through the particle it 
polarizes the free conduction electrons of the NP to a side of the surface. A restoring 
force arises from the positive nuclei to redistribute the surface charge.
31
 When the 
frequency of surface electrons oscillating against the restoring force matches the 
frequency of incident light, the free electrons of the NPs gain the light energy by the 
resonance as illustrated in Figure 4.
31,94
  
 
Figure 4. Origin of LSPR as a result of conduction band electrons of metal NPs interacting with light. 
Adapted from Ref [94]. 
For gold, silver and copper the resonance frequency lies in the visible region.
93
 
Additionally the mean free path of the conduction electrons in gold and silver is about 
50 nm and in particles smaller than this all the interactions are limited to the surface 
only.
95
 Hence, the surface is critical in LSPR, as it determines the boundary conditions 
for the polarizability of the metal and ultimately shifts the resonance frequency. Figure 
5 shows the relation between particle size and the LSPR peak position, blue shift of the 
LSPR peak position as the particle diameter decreses. 
13 
 
 
 
Figure 5. Size dependent LSPR peak positions of Au NPs. Adapted from Ref [95]. 
Mie derived the mathematics of the SPR process,
96
 by solving Maxwell’s equation 
for light interacting with small spherical NPs having same macroscopic frequency 
dependent on material dielectric constant as the bulk.
96
 
 He came up with the following expressions, 
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The equations can explain the size, shape and the environment dependent nature of 
the LSPR. Given that particles must be much smaller than the wavelength of the 
incident radiation for LSPR to occur, reducing the particle size further damps the LSPR 
due to intense scattering at the NP boundaries.
42
 The shape (geometry) of the particles 
determines the resonance frequency of the electron with incident light. In rod like 
shapes the LSPR band splits into two, since particles are relatively more elongated 
along one axis and the frequency of electron oscillation along the two axes, resonated 
with the incident light are different.  In rod, wire or cylindrical shaped particles, with 
the increase of aspect ratio the energy separation between the two band increases, red 
shifting the peak responsible for electrons oscillating parallel to the longer axis as 
shown in Figure 6.
97
 Furthermore, different surroundings (solvent in colloids and 
support material in supported metal NPs) have different refractive indices and dielectric 
constants that causes blue shift or red shift the LSPR absorbance.
42
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Figure 6. LSPR peak position change in relation to NP type, shape and size. Adapted from Ref [31, 94]. 
 
LSPR excitation generates energetic electrons at the metal NP surface in 5-100 fs, 
and these energetic electrons will stay in an excited hot state for about 0.5-1 ps before 
relaxing back to lower energy levels.
98
 During this time if electron transfer occurs to 
reactant molecule adsorbed on the metal NP surface, it will induce chemical reactions 
under visible light irradiation.
21-22,39,99-100
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1.3.2 Photocatalysis by plasmonic metal nanoparticles supported on 
semiconductors 
Plasmonic metal-semiconductor photocatalysts absorb visible light through LSPR 
excitation of conduction electrons in metal NPs. These energetic electrons can then 
move to nearby semiconductors and enhance the rate of the overall reaction by 
increasing the steady state concentration of chemically useful energetic charge carriers 
at the surface of the semiconductor, which could be transferred rapidly to reactant 
molecules in the vicinity as shown in Figure 7. The crucial role played by metal NPs is 
confirmed by studying the wavelength dependence of the reaction rate within the 
visible region, where highest enhancements are observed at maximum LSPR 
wavelength of the plasmonic metal NPs.
101-104
 
    
Figure 7. Electron transfer mechanism of plasmonic metal-semiconductor composite photocatalyst. 
Adapted from Ref [31]. 
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1.3.3 Photocatalysis by plasmonic metal nanoparticles supported on 
insulator supports 
Plasmonic metal NPs supported on insulators or very wide band gap semiconductor 
supports allow direct photocatalysis because the support material is incapable of 
absorbing light photons in the ultraviolet-visible region and demonstrate a poor 
electrical conductivity.
36-38,105
 Plasmonic noble metal NPs act as the catalytic active 
centre as well as the light absorber.
31
 In simple terms, catalytic activation of the 
reactant molecules take place at the metal NP surface in response to LSPR excitation 
upon visible light irradiation. In order to affirm that energetic electrons are efficiently 
transferred to reactant molecules, it is important that the reactant molecules have a high 
affinity towards the metal NPs and adsorb onto the surface.
106-107
 
In such systems the support material mainly serves as a medium to distribute the 
metal NPs and alleviate metal agglomeration of the NPs. Furthermore, supported metal 
NP catalysts can be recycled, thus increasing the life time of the catalyst as opposed to 
colloidal plasmonic metal NPs.
36-38
 
As stated in the previous section, for Au, Ag and Cu metal NPs LSPR mediated 
resonance excitation takes place in the visible region.
108
 The excitation gives rise to 
several consequences. It would buildup strong electric fields (large photon intensities) 
near the metal NP surface and a large volume of energetic electrons at the NP surface. 
Light energy transfer from the metal NP to the adsorbed reactant molecules can take 
place through three possible processes as summarized by Christopher et al. recently.
108
 
1) elastic radiative re-emission of photons, 2) non-radiative Landau damping, which 
produces energetic electrons and holes in the metal NP and 3) excited surface plasmons 
interact with an unoccupied acceptor orbital of the adsorbate, to trigger direct electron 
injection into the adsorbate acceptor states which subsequently induces chemical 
reactions. This is called chemical interface damping (CID). Figure 8 represents the 
three mechanisms, all these decay processes can deposit energy in adsorbate. However, 
the nanostructure geometry, composition and the local environment influence the 
magnitude of each of the above mentioned dephasing mechanism as well as resonant 
wavelength and field enhancement.
105
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Figure 8. Schematic representation of the three dephasing mechanisms of the oscillating surface plasmon. 
Adapted from Ref [108]. 
 
Plasmonic metal NPs have been widely used as the active catalyst component for 
many important reactions under thermal conditions.
52-54,109
 Hence, combining NP 
catalytic capability with the light absorption property of the NP presents an opportunity 
to design a new class of efficient sunlight photocatalysts based on the noble metal NPs. 
Despite this robust and tunable interaction between incident visible light and the 
plasmonic nanostructure, direct photocatalysis by plasmonic nanostructures has been 
considered impossible due to the extremely short lifetime of the plasmon derived 
energetic charge carriers and ultra-fast quenching of electronically excited adsorbate 
states.
110
 It was by our group, initial report on the execution of a complete catalytic 
cycle by low intensity visible light photons using plasmonic nanostructures supported 
on photochemically inert support came out in 2008.
21
  
In this study, oxidation of formaldehyde to carbon dioxide was investigated using 
zirconia and silica supported Au NPs, the gold content in both systems was about 2%.
21
 
Although the Au NPs were synthesised under the same conditions and procedure, their 
average particle size supported on zirconia (Au-ZrO2) and silica (Au-SiO2) was found 
to be 27 nm and 53 nm respectively. It was found that Au-ZrO2 absorbed more red light 
than Au-SiO2, the difference in the particle size likely accounting for this change in 
absorption. Conversion rates of formaldehyde were observed to be 50% and 15%, 
19 
 
 
respectively. Under N2 atmosphere only Au-ZrO2 showed a conversion of 5% which 
withheld strongly adsorbed oxygen molecules on the surface even after evacuating 
oxygen from the surrounding.
21
  
Supports like silica are termed as inert,
111
 they only contribute to disperse and 
stabilize metal NPs on it. Supports of transition and rare earth metal oxides such as 
TiO2, ZrO2 and CeO2 are active supports, where these improve the oxidation and 
degradation reaction rates by adsorbing and activating O2 molecules.
111
 This provides 
NPs an easy access to the reactants. Furthermore, the support was suggested to 
influence the charge transfer, activating the substrate and imposing support induced 
strain at gold/ support interface.  
The study evaluate the contribution of the polarity of the reactant molecules towards 
the rate of the reaction by measuring the oxidation of methanol and cyclohexane as 
well as formaldehyde. Under blue light 64% and 18% of conversion was observed for 
formaldehyde and methanol, respectively, but no conversion of cyclohexane. The 
results are in line with the dipole moment values of the three, formaldehyde, methanol 
and cyclohexane are 2.3, 1.7 and 0 Debye respectively.
21
 The observation further 
supports the fact that LSPR is originated by polarized conduction electron cloud. 
Ag NPs have been studied as visible light photocatalysts by our group for 
degradation of pollutants such as phenols and dyes. In a detailed study conducted by 
our group on the degradation of sulforhodamine B, using Au NPs
15
 and Ag NPs,
22
 the 
highest activity was observed for Ag NPs under blue light of 420 nm ±10 wavelength 
when compared with Au NPs. In both circumstances metal NPs (8% by weight) were 
supported on zeolite Y, ZrO2 and SiO2 supports. After 3 hours of irradiation Ag NPs on 
zeolite Y exhibited the highest degradation rate of 74% and the next being Au NPs on 
ZrO2 converted 46%. Since the support materials used in this case are insulating solids 
and wide band gap semiconductors with band gaps higher than 5 eV, it is apparent that 
catalytic activity in the visible region (400-800 nm) is purely due to LSPR absorption 
of Ag NPs and Au NPs. 
Formaldehyde oxidation by Au NPs supported on zirconium oxide showed a 
reduction in the conversion rate  from 64% to 8% with the increase of the particle size 
of Au NPs supported on ZrO2 from 20-30 nm to 100 nm under the irradiation of blue 
light.
21
 The band gap of ZrO2 is above 5 eV while visible light photons have energies 
20 
 
 
lower than 3 eV,
21-22
 hence the activity in the visible region is entirely due to the LSPR 
of Au NPs. Particle size distribution is an important parameter governing the selectivity 
of a particular product in photocatalytic processes.
112-113
 Wide particle size distribution 
generally results in wide variety of light absorption and active sites. Hence critical 
control over the particle size distribution is important to obtain a narrow distribution, in 
order to avoid undesired side reactions and to improve the selectivity.
113
 
Au and Ag NPs have shown the potential in degrading pollutants, but by a different 
reaction mechanism from that of semiconductor materials as shown in Figure 9.
34 
  
 
 
Figure 9. Tentative organic pollutant degradation mechanism on Au NP photocatalyst. Adapted from 
Ref [34]. 
Au and Ag NPs were then applied in catalysing selective reduction and oxidation 
reactions.  Recently, we studied the controlled reduction of nitrobenzene to azobenzene 
in single step at ambient temperature of 40
o
C under visible light using Au NPs 
supported on ZrO2.
36
 This conversion has previously been carried out in a two-step, 
one-pot process: the over reduction of nitrobenzene to aniline using Au NPs supported 
on titania or ceria at elevated temperatures followed by controlled oxidation of aniline 
to azobenzene. In the Au-ZrO2 catalytic system with Au NPs were only 3% by weight 
with an average particle size 6 nm, showed excellent reaction rate where complete 
conversion and selectivity for azobenzene was achieved after 4 h of the reaction. The 
21 
 
 
reaction also demonstrates that unstable intermediates at elevated temperatures could 
be attained under visible light at ambient conditions.
36
 Tentative mechanism proposed 
based on the observations is given in Figure 10. The initial step of this reaction is the 
formation of H-Au NP surface species on the surface. Here Au NPs abstract hydrogen 
atoms from the solvent isopropyl alcohol. Then H-Au NP species interact with oxygen 
atoms in the N-O bonds of nitrobenzene, resulting in HO-Au NP species. Light excited 
energetic electrons in the Au NPs can facilitate N-O bond cleavage by providing energy 
to overcome the activation energy. Then HO-Au NP species species converts to H-Au 
NP species releasing O2, and the H-Au NP species recycle in the reaction process. This 
notable finding deepen our understanding of the formation of H-Au NPs species in 
photocatalytic systems involving Au NPs. 
 
Figure 10. Mechanism of photocatalytic reduction of nitrobenzene to azobenzene. Adapted from Ref 
[36]. 
 
The selective oxidation of benzyl alcohol to benzaldehyde executed with Au NPs 
supported on zeolite Y as the catalyst and toluene as the solvent was also explained. 
The reaction converted 23% of benzyl alcohol to benzaldehyde in 48 h with 100% 
selectivity towards the aldehyde, whereas the conversion in the dark was only 1%.
15
 
Microporous zeolite tends to absorb O2 molecules into the micropores which greatly 
enhance this selective oxidation. The proposed mechanism for the selective oxidation 
of benzyl alcohol under visible light is illustrated in Figure 11. The highest activity was 
observed with Au NPs supported on zeolite Y. This was attributed to the Na sites 
available in the support which readily attracts benzyl alcohol molecule with a higher 
affinity.
37
 Formation of Au-H on the Au NP surface upon visible light irradiation was 
believed to be the initial step of the reaction of both selective reduction and oxidation.  
22 
 
 
 
Figure 11. Proposed mechanism for benzyl alcohol oxidation over Au-zeolite Y catalyst. Adapted from 
Ref [37]. 
 
One way of controlling the product selectivity as recently demonstrated by Ke et al 
is by manipulating the wavelength of the reaction in relation to the reduction potential 
of the organic selective reduction reductions.
39
 Based on their observations, higher 
energy photons are required to induce the reaction of molecules with high reduction 
potentials. The reduction potential of styrene oxide is -2.4 eV and the reaction only 
takes place when irradiated with light >420 nm wavelength, as opposed to azobenzene 
(-1.1 eV) which is active even >600 nm light irradiation as represented in Figure 12. 
This is because the cut-off wavelength decides the maximum energy of the excited 
electrons and the distribution of energetic electrons above the Fermi level.  
23 
 
 
Figure 12. Schematic band structure of Au NPs and the reduction potential of different reactant 
molecules. Adapted from Ref [39]. 
In summary the excellent activity of plasmonic Au NPs in the visible region could 
be attributed to several factors such as, high energy electrons on the surface of NP 
generated due to LSPR effect which is desirable to activate molecules on the particle 
for chemical reaction, charge transfer between the NPs and support is not a prerequisite 
since both light harvesting and catalysis of the reaction takes place on the NP. The 
higher density of the conduction electrons at the NP surface compared to that of any 
semiconductor and finally the greater affinity the metal NPs possess towards reactant 
organic molecules. 
1.4   Non-metal nanoparticles photocatalysts 
Supported non-metal NPs have recently shown immense promise as heterogeneous 
photocatalysts, particularly for oxidation reactions. Sarina et al. reported a new class of 
photocatalysts of metal hydroxide NPs grafted with alcohols.
58
 They found that 
niobium hydroxide grafted with benzyl alcohol (NbBA) and 4-methoxybenzyl alcohol 
(NbMBA) to be highly effective for the oxidation of toluene and its derivatives. Under 
visible light irradiation (0.3 Wcm
-2
), they found 15% of toluene oxidised to controlled 
oxidation products with 87% selectivity to benzaldehyde and benzoic acid. And 23% 
ethylbenzene was selectively oxidised to actophenone (95%).
58
 The authors proposed 
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electron transfer from the surface complex to metal atom to be the key step to form a 
free radical on the surface of the complex as illustrated in Figure 13. 
 
 Figure 13. Proposed toluene oxidation pathway under light irradiation. Adapted from Ref [58]. 
Monolayer HNb3O8 nanosheets of 2D nature have been applied in benzyl alcohol 
oxidation to benzaldehyde by visible light.
60
 In this work extremely high photoactivity 
was related to the unique structural features of 2D sheets, molecular thickness, large 
surface area and high density of active sites. For example, under identical conditions 
layered HNb3O8 showed a conversion of 1.5% while that of 2D HNb3O8 is 54% 
with >99% selectivity to benzaldehyde product.
60
 This branch of photocatalysis still 
requires more studies to understand the underlying reaction mechanisms and to verify 
the light dependent nature. 
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CHAPTER 2 
SELECTIVE OXIDATION OF ALIPHATIC 
ALCOHOLS USING MOLECULAR OXYGEN 
AT AMBIENT TEMPERATURE: MIXED-
VALENCE VANADIUM OXIDE 
PHOTOCATALYSTS  
2.1 Introductory Remarks 
This chapter includes a published article. The most recent advancement in the field of 
photocatalysis is the use of non-metal nanoparticles as visible light photocatalysts. As 
part of the thesis work this new class of photocatalysts was extensively studied with a 
variety of vanadium oxide species as visible light photocatalysts and a mixed-valence 
vanadium oxide (V6O13) particles grafted onto a variety of oxide supports. They were 
found to be highly effective and selective for oxidation of aliphatic and aromatic 
alcohols to their aldehyde and ketone counterparts using O2 as the benign oxidant under 
visible light irradiation. To the best of our knowledge this is the first report of visible 
light photo activity of V6O13 particles. This catalytic process takes place at room 
temperature with negligible over oxidation. Based on the experimental observation and 
density functional theory simulations the reaction is most likely to proceed via an in-
situ formation of an excited V6O13-alkoxide intermediate and then subsequent cleavage 
of α-H in the bound alkoxide to produce the desired carbonyl compound. The activity 
was found to be entirely different from widely studied V2O5 semiconductor material 
with a light response. 
    Moreover, we found that this catalyst can be applied to the selective oxidation of 
alkyl aromatics under visible light irradiation. Activation and oxidation of stable C-H 
bonds of saturated hydrocarbons such as toluene, xylene and mesitylene are considered 
difficult yet important in the synthesis of value added chemicals. The detailed study in 
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this chapter reveals a greener synthesis route for temperature sensitive products 
compared to conventional thermal processes.  
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ABSTRACT: Here we report a class of photocatalysts: mixed-valence vanadium oxide 
particles grafted onto a variety of oxide supports. In these catalysts V6O13 species with 
mixed oxidation states (V
4+
 or V
5+
) are believed to be catalytically active sites. These 
catalysts successfully enable alcohol oxidation to selectively produce aldehydes and 
ketones using O2 as the oxidant. The catalytic process is driven by visible light 
irradiation at room temperature and most importantly, progresses with negligible over-
oxidation. The catalysts can even selectively oxidize aliphatic alcohols, which are much 
more challenging to control compared to aromatic analogues. They can also be applied 
to the activation and oxidation of the otherwise stable C-H bonds of saturated aromatic 
hydrocarbons, such as toluene and xylene, under irradiation. Both experimental results 
and density functional theory (DFT) simulations suggest the formation of V6O13-
alkoxide species as the initial step in the catalytic cycle. The V6O13-alkoxide then acts 
as the light harvester being excited by light of wavelength shorter than 550 nm. Facile 
room temperature C-H bond cleavage in the excited state V6O13-alkoxide in the 
presence of O2 leads to the carbonyl-containing products. These findings demonstrate 
an example of light-driven selective oxidation of diverse alcohols via in-situ formation 
of photo-responsive V6O13-alkoxide species. This catalytic process is especially 
valuable for the synthesis of temperature-sensitive products and represents an 
alternative pathway than many conventional thermal oxidation reactions. 
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INTRODUCTION 
The selective oxidation of alcohols to aldehydes and ketones is an essential process in 
organic chemistry for both academic research and industrial chemical production. 
Within the literature there are several methodologies which have been used for this 
transformation, including oxides of chromium,
1
 manganese,
2
 activated dimethyl 
sulfoxide (DMSO) reagents
3
 or hypervalent iodine
4
 as oxidants, either alone or in the 
presence of free radical containing species such as 2,2,6,6-tetramethylpiperidin-1-yl-
oxy (TEMPO).
5-7
 While there are a large number of aliphatic alcohols available, 
compared with aromatic alcohols such as benzyl alcohol,
8-10
 their selective oxidation 
has seldom been reported, as controlling the over-oxidation is particularly challenging. 
Recently, nitroxide-decorated, porous coordination polymers have been studied as 
catalysts for the oxidation of a range of aliphatic alcohols.
11
 It was found that the 
oxidation of 1-hexanol, 2-hexanol and 2-methyl-4-pentanol required longer reaction 
times (96 h) at 80 °C to achieve reasonable yields, compared to only 24 h for benzyl 
alcohol under similar conditions. In another example, Jensen and co-workers found that 
Pd(OAc)2 works together with N-heterocyclic carbene ligands as an active catalytic 
mixture for aromatic and allylic alcohol oxidation at 60 °C.
12
 The reported aliphatic 
alcohol oxidation reactions are almost exclusively driven by thermal processes to 
achieve reasonable efficiencies (except for the complicated Pd(OAc)2 and N-
heterocyclic carbene system) even though the oxidation is an exothermic process.
11,12
 
Higher operating temperatures can accelerate the reaction, but often this occurs along 
with a decrease in the selectivity for the desired products. This is because, at high 
temperatures, the partially oxidized products readily undergo further transformation to 
the corresponding acids,
13
 directly yield the esterified products
14
 or even undergo 
decomposition to CO2. Therefore, the development of new catalytic systems using 
novel catalyst materials and driven by a green energy source for effective conversion of 
aliphatic alcohols to aldehydes and ketones with molecular oxygen as the benign 
oxidant at ambient temperature and pressure is highly desirable, but remains a 
significant challenge. The pioneering work for the catalytic conversion of various 
alcohols to carbonyls using VIII metals/TiO2 photocatalyst through light irradiation was 
reported by Pichat et al.,
15
 this work opens a new avenue to the photocatalytic 
transformation of alcohols. Recently we found that the direct oxidative esterification of 
aliphatic alcohols using catalysts of gold−palladium alloy nanoparticles on a 
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phosphate-modified hydrotalcite support and molecular oxygen as a benign oxidant can 
be significantly enhanced by visible-light irradiation at ambient temperatures and under 
mild and base-free conditions.
16
 This finding encouraged us to explore green 
photocatalytic processes for the selective oxidation of aliphatic alcohols, that use 
atmospheric oxygen gas as oxidant and visible light energy to drive the reaction at 
ambient temperatures. 
In the present study we devised a new class of photocatalysts: mixed-valence 
vanadium oxide (VxOy = VO2 + V2O5 + V6O13) particles grafted onto a variety of oxide 
supports. It is known that inorganic species can be anchored on the surface of various 
substrates through stable chemical bonds.
17,18
  
Compared with traditional well-known VO2 and V2O5, mixed-valence V6O13, in which 
both V
4+
 and V
5+
 oxidation states coexist, is relatively less-studied even though this 
form of vanadium oxide possesses excellent electrochemical performance and high 
electronic conductivity.
19-21
 To our knowledge, V6O13 materials have not been 
previously applied in the area of photocatalysis for organic transformations. A key 
feature of the new photocatalysts in the present study is that the V6O13 species are the 
catalytically active component for the selective oxidation and act in a different 
mechanism from that for the widely studied V2O5 based photocatalysts. V2O5 
photocatalysts have a vanadium (V
5+
) center and react via a semiconductor 
mechanism.
22
 Although we cannot fully exclude the presence of VO2 and V2O5, our 
experimental results confirmed that these species were ineffective for the selective 
oxidation of the aliphatic alcohols under visible irradiation. In the new photocatalysts 
vanadium V6O13 particles grafted on the surface mainly is the active component, and 
the photocatalytic reactions proceed via a new mechanism. The reactant alcohol 
molecules tend to chemically adsorb onto the surface of V6O13 clusters and the resultant 
surface complexes exhibit a highly unusual visible light absorption in the 400-550 nm 
region. This absorption is the critical aspect required to drive the selective oxidation 
under irradiation. 
RESULTS AND DISCUSSION  
In the present study, mixed-valence vanadium oxide species (see below for structural 
characterization) grafted onto a number of oxide supports, such as γ-Al2O3, ZrO2, TiO2, 
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OH
Photocatalyst
Ohv
zeolite-Y, titanate, and hydrotalcite [Mg6Al2(OH)16CO3·mH2O], were synthesized by 
simple methods involving ultra-sonication in ethanol, whereby the mixed-valence 
vanadium oxide clusters ultimately account for a small fraction of the catalyst, but are 
well dispersed on the support. Full details of the preparation of the catalysts are 
provided in the Experimental Section. These grafted solids could be used without 
subsequent refinement and directly for testing their photocatalytic activity to selectively 
oxidize aliphatic alcohols. 
The catalytic performance of the as-prepared catalysts for selective oxidation of 3-
hexanol to 3-hexanone was investigated as a model reaction using molecular O2 as the 
oxidant under visible light irradiation of a light-emitting diode (LED) lamp (λ=460 nm) 
at 30 °C. No base was added to the reaction systems. The results are summarized in 
Table 1. Under the identical experimental condition VO2 and V2O5 exhibited negligible 
catalytic activity. Therefore, the catalytically active component in the grafted mixed-
valence vanadium oxide should be the V6O13 clusters. The V6O13 clusters on various 
supports exhibited different catalytic activities. The best activity was achieved with 
V6O13 on γ-Al2O3 and ZrO2 supports (denoted as V6O13-γ-Al2O3 and V6O13-ZrO2), with 
100% alcohol conversion and excellent 3-hexanone selectivity (96%). No reaction was 
observed in the dark at 30 °C in the presence of the photocatalysts, which confirms the 
essential role of visible irradiation in the oxidation. The supporting material also plays 
a key role in the performance of catalysts, substantially affecting these reactions even if 
they are not the catalytic active centers. Compared with traditional thermal 
processes,
11,12
 the photocatalytic reaction is more efficient and can proceed without any 
additives using “greener” ambient temperatures (for comparison, see Table S1, SI). 
 Table 1. Photocatalytic Performance of Different Catalysts for the Oxidation of 3-
Hexanol to 3-Hexanone.
[a]
 
 
 
Photocatalyst 
Conv.      
[%] 
Select. 
[%] 
TON
[c]
 A.Q.Y. 
[%] 
V6O13-γ-Al2O3 100 96 6.52 1.30 
V6O13-ZrO2 100 96 6.52 1.30 
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V6O13-zeolite Y 40 96 2.61 0.52 
V6O13-V2O5 23 94 1.47 0.29 
V6O13-titanate 67 96 4.37 0.87 
V6O13-TiO2 15 93 0.95 0.19 
VO(acac)2
[b]
 100 63 4.28 0.85 
V6O13-
hydrotalcite 
<1 - - - 
V2O5 <1 - - - 
VO2 <1 - - - 
[a]
 Reaction conditions: 0.5 mmol of 3-hexanol, 50 mg of photocatalyst, 2 mL of α,α,α-
trifluorotoluene, reaction time 16 h, reaction temperature 30 °C, 1 atm O2, LED lamp 
(λ=460 nm) light intensity 0.5 W/cm2. [b] Vanadyl acetylacetonate [VO(acac)2] 8.3 mg. 
[c]
 Turnover number (TON) was calculated based on vanadium centers available in 50 
mg of V6O13 grafted solid according to EDX data. The apparent quantum yield (AQY) 
was calculated based on the molecule of product formed per photon involved in the 
reaction. 
 
To better understand the excellent photocatalytic performance of the catalysts prepared 
in the present study, we further investigated the physical characterization of the V6O13 
grafted solid catalysts. Figures 1a and 1b show the transmission electron microscopy 
(TEM) images of the typical V6O13-ZrO2 sample. We can clearly see the V6O13 clusters 
are well dispersed on the ZrO2 particle surface. Energy dispersive X-ray spectroscopy 
(EDS) mapping further confirmed the presence and distribution of V6O13 clusters 
(Figure 1c). The γ-Al2O3 nanofibers have a large specific surface area (Figure S1a, SI), 
on which V6O13 particles are also well dispersed and ready for adsorption of the 
reactant alcohol molecules. The vanadium content in the catalyst is 2.8 wt% as 
confirmed by EDS results (Figure S1b, SI), which matches well with the experimental 
design. The diffusion of reactants and products among the fibers should be very 
efficient compared with that in the pores of microporous or mesoporous solids because 
of the large inter-fiber voids.
23
 The supporting material γ-Al2O3 did not show any light 
absorption within the visible region of the solar spectrum, but the V6O13-γ-Al2O3 
exhibited strong absorption (Figure S1c, SI). XRD pattern of the sample could be 
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indexed for alumina phase, and no V6O13 phase could be observed (Figure S1d, SI). 
This is due to the low content of V6O13 and its presence in small clusters. 
 
 
Figure 1. (a) The TEM image of the V6O13-ZrO2 sample, (b) High resolution (HR)-
TEM image of the V6O13-ZrO2 sample, the red circles indicate the V6O13 clusters, (c) 
EDS mapping of the V6O13-ZrO2 sample, (d) Raman spectra of the subtracted data of 
ZrO2 from V6O13-ZrO2, and (e) XPS spectra for V species of the V6O13-ZrO2 sample. 
 
To further identify the presence of V6O13 clusters on the solid surface, we carried out 
Raman scattering for the V6O13-ZrO2 sample. However, due to the very small amount 
of vanadium species grafted on to the ZrO2 surface, those signals for the characteristic 
vanadium peaks are barely detectable (Figure S2, SI). By subtracting the signals from 
the ZrO2 support from the data for the V6O13-ZrO2 sample, as shown in Figure 1d, we 
observed some peaks which could be ascribed to vanadium species (143, 900, and 1000 
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cm
–1
) which are in agreement with previously reported results.
24
 The high-frequency 
peak situated around 1000 cm
–1
, which can be assigned to the stretching mode of 
vanadyl oxygen, is indicative of the presence of V6O13.
20
 To understand the oxidation 
state of the vanadium in the as-prepared sample, we performed X-ray photoelectron 
spectroscopy (XPS) measurements. The XPS spectra of V 2p together with O 1s are 
presented in Figure 1e. The peaks of both V 2p3/2 and V 2p1/2 were identified at 516.1, 
517.5 eV and around 525 eV, corresponding to V
4+
 and V
5+
 respectively,
25-27
 which 
confirms the presence of mixed-valence vanadium oxides. The V 2p1/2 peak is 
relatively low due to the low levels of V species present. The intensity of the V
5+
 peak 
at 517.5 eV is a little higher than that of the V
4+
 peak at 516.1 eV, which is due to the 
easy oxidation of V
4+
 to V
5+
 on the surface considering that the detection depth of the 
XPS is only a few nanometers.
20
 
Considering that V6O13-γ-Al2O3 and V6O13-ZrO2 photocatalysts exhibited the best 
performance according to the reaction conversion under light irradiation, we used 
V6O13-γ-Al2O3 as the model catalyst to further evaluate the selective oxidations by 
extending the substrate scope. As can be seen from Table 2, V6O13-γ-Al2O3 can 
successfully drive a wide range of examples of selective oxidations under visible 
irradiation. The yields of primary aliphatic alcohols are >60%, a significant 
improvement on those reported in literature where yields of <44% were only able to be 
attained for the selective oxidation of 1-heptanol and 1-decanol to the corresponding 
aldehydes using a V2O5 catalyst at 100 °C and a base.
28
 Using the new photocatalysts 
described here conversion rates for the oxidation of 1-pentanol, 1-hexanol, 1-octanol, 
1-nonanol and 1-decanol are excellent, with more than 90% of the alcohols consumed 
and up to 70% selectivity achieved for the desired aldehyde products. Also base 
addition to the reactions was not required. Such selectivity and efficacy is far superior 
to other oxidations reported in the literature using other catalysts. For example 
Dimitratos and co-workers reported yields of only 13% at 60 °C using a bimetallic 
catalyst of Au-Pd and Au-Pt
29
 while Lu et al. reported
30 
much lower aldehyde yields 
(~3%) for 1-hexanol, 1-pentanol and 1-octanol at 90°C using Pt/Bi2O3. Very recently, 
we found that Au-Pd alloy nanoparticles on phosphate anion-exchanged hydrotalcite 
could achieve 94% conversion rates for 1-octanol for direct oxidative esterification 
under visible light irradiation,
16
 however this reaction required heating to 55 °C for 
42 
 
 
good conversion. In contrast, the photocatalysts described in the present study can 
achieve very good aldehyde yields at only 30 °C. The yields of ketones from secondary 
aliphatic alcohols using the new catalyst are even better, lying in the range of 70% to 
95%, much higher than for the primary alcohols. The oxidation of aromatic alcohols 
under similar conditions provided excellent aldehyde yields in shorter reaction times. It 
is worth noting that allylic alcohols such as cinnamyl alcohol and citranellol gave 
relatively low selectivity for the desired aldehyde target. This is possibly due to the 
catalyst’s ability to attack the alkene double bond leading to unwanted oxidative 
cleavage and the formation of smaller fragments such as acetone. 
Table 2. Photocatalytic Selective Oxidation of Various Aliphatic and Benzylic Alcohols 
with V6O13-γ-Al2O3.
[a] 
Entry Substrate Conv. 
[%] 
Select. 
[%] 
Yield 
[%] 
1 OH  100 58 58 
2 OH
 
97 70 68 
3 OH
 
100 87 87 
4 OH
 
97 82 80 
5 OH
 
78 82 64 
6 OH
 
76 92 70 
7 OH
 
100 96 96 
8 
OH
 
55 58 32 
9 OH  97 69 67 
10 
HO
 
88 97 85 
11 OH
 
96 98 94 
12 OH
 
89 98 87 
13 OH  92 68 63 
14 OH  93 71 66 
15 
OH
 
100 35 35 
16 OH
 
100 98 98 
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17 OH
O
 
98 100 98 
18 
OH
 
86 100 86 
19 OH
 
97 100 97 
20 OH
 
70 69 48 
[a]
 Reaction conditions: 0.2 mmol of alcohol, V6O13-γ-Al2O3 50 mg of photocatalyst, 2 
mL of α,α,α-trifluorotoluene, reaction time 24 h for aliphatic alcohols and 16 h for 
benzylic alcohols, reaction temperature 30 °C, 1 atm O2, LED lamp (λ=400-800 nm) 
light intensity 0.5 W/cm
2
. Conversion and yield were calculated based on the product 
formed and reactant consumed as measured by gas chromatography (GC). 
 
A simulated sunlight source was used for the oxidation of 3-hexanol and it was found 
that at an irradiance of 0.12 W/cm
2
 (equivalent to 1.2 sun) V6O13-ZrO2 converted 92% 
of 3-hexanol to 3-hexanone within 16 h reaction. This conversion rate is comparable to 
that of 460 nm monochromatic LED lamp (96%). This result demonstrates that we can 
drive the selective oxidation with focused sunlight. 
Furthermore, we found that V6O13 grafted solid photocatalysts exhibit strong oxidative 
capacity for the activation and oxidation of the otherwise stable C-H bonds of the 
saturated side-chains of aromatic hydrocarbons such as toluene and xylene under light 
irradiation at ambient temperature (Table 3). Insertion of an oxygen atom into 
hydrocarbons to yield alcohols, aldehydes and ketones is highly desirable because 
partially oxidized derivatives represent key raw material feedstocks for manufactured 
products such as polymers, perfumes, agrochemicals, synthetic compounds and novel 
drugs.
10
 However, such reactions remain a synthetic challenge. In light of this several 
aromatic hydrocarbons were also subjected to selective oxidation with the V6O13-ZrO2 
photocatalyst at 30 °C. It was observed that ethylbenzene can be selectively oxidized 
with a very high selectivity (>95%) to acetophenone after 48 h. Toluene oxidized 
predominantly to benzaldehyde, however benzoic acid, benzyl alcohols and esters were 
also observed. The catalysts were also able to selectively oxidize one of the three 
methyl groups of 1,3,5-trimethylbenzene while preserving the other two. It is 
noteworthy that the oxidation reactions proceed without the need for solvent.  
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Table 3. Selective Oxidation of Aromatic Hydrocarbons with V6O13-ZrO2 under Visible 
Light Irradiation at 30 °C.
[a]
 
Substrate 
 
Rate [µmol 
g
-1
 h
-1
]  
Product selectivity [%] 
Aldehyde 
/ Ketone 
Alcohol Acid Ester 
Toluene
[b]
 22.4 48.2 15.2 10.0 26.6 
Ethylbenzene
[b]
 86.8 97.2 -- 0.9 1.9 
p-xylene
[c]
 57.5 65.6 16.7 4.3 13.4 
m-xylene
[c]
 9.3  84.3 6.6 -- 7.7 
1,3,5-
trimethylbenzene 
[b]
 
39.4 55.4 18.0 11.1 15.5 
[a]
 Reaction conditions: 1 mmol of substrate without solvent, 25 mg of V6O13-ZrO2 
photocatalyst, temperature 30 °C, 1 atm O2, LED lamp (λ=400-800 nm) light intensity 
0.5 W/cm
2
; reaction time 
[b] 
48 h and 
[c]
 24 h. 
 
Teramura et al. reported the oxidation of C-H bonds in both aliphatic and aromatic 
hydrocarbons using a V2O5 catalyst.
22
 In the present study the grafted V6O13 catalyst 
exhibited much higher photocatalytic activity than V2O5 catalyst for this reaction. This 
fact implies that the two catalysts work in different mechanisms. This is supported by 
the observation that the vanadium precursor VO(acac)2 in the present study also exhibit 
significant photocatalytic activity as shown in Table 1. We found that using an 
equivalent amount of vanadium precursor VO(acac)2 as the photocatalyst can achieve a 
complete conversion of alcohols, however the yield of the desired product 3-hexanone 
was substantially lower (63%) compared to V6O13 grafted on oxides (>90%). The 
results also reveal that V-O-C bonding can be excited by visible light, and the light-
excited bonding state plays a role in the photocatalytic reaction. We found that the 
acetylacetonate ligands in VO(acac)2 decompose and couple with 3-hexanol forming 
over-oxidized 3-hexyl esters of acetic acid during the reaction. Thermogravimetric 
analysis (TGA) of VO(acac)2 and V6O13-titanate catalysts reveals the loss of the 
actylacetonate ligands in the 140-200 °C range for VO(acac)2 while no such weight loss 
was observed with the V6O13-titanate photocatalyst (Figure S3, SI). Based on this 
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observation, the presence of esters in the product mixtures is attributed to the 
acetylacetonate ligand of VO(acac)2. Moreover, VO(acac)2 forms a homogeneous 
solution with the reactants and products, causing problems for catalyst recycling, 
whereas the grafted V6O13 photocatalyst was successfully recycled without further 
treatment for up to five cycles with well retained photocatalytic activity and selectivity 
(Figure S4, SI). This is an important aspect in the development of practical and cost-
effective catalytic oxidation processes. These results reveal a potential route towards a 
commercial process for clean and efficient production of aliphatic aldehydes and 
ketones using relatively earth abundant vanadium and clean energy sources. 
 
Figure 2. UV-Visible diffuse reflectance spectra of V6O13 grafted catalysts (a), and 
pristine supporting materials (b). 
The supporting materials play an important role in the performance of catalysts. When 
investigating the support, it is known that hydrotalcite is slightly basic whereas zeolite 
Y is an acidic silicate. V6O13 grafted on zeolite Y was active for this reaction while 
hydrotalcite was not. Usually, a basic support surface is beneficial to the oxidation 
process,
16,30,31
 however in the present study, this effect was not observed. We noted that 
the light absorption by catalysts formed from V6O13 grafted onto hydrotalcite, zeolite Y 
and TiO2 is less significant compared to those grafted onto γ-Al2O3 fibers, titanate and 
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ZrO2 (Figure 2). Since the γ-Al2O3, ZrO2 and titanate have negligible visible light 
absorption, the difference in light absorption is due to the interaction between the 
support surface and the grafted V6O13 particles. The weak light absorption is the likely 
basis for the poor performance of a photocatalyst. Thus one can optimize the catalyst 
performance by manipulating the properties of the supports. 
Vanadium oxide (V2O5)
 
has been extensively studied and is recognized as possessing a 
remarkable visible light absorption (Figure 2b), V2O5 was also used as a support 
material to graft V6O13. Significant enhancement in catalytic activity was expected 
through synergism between V6O13 and V2O5. However, this catalyst combination 
exhibited only a modest performance towards the reaction. Conversion by V6O13-V2O5 
was only 23%, although a 94% selectivity to give 3-hexanone was achieved (Table 1).  
It was not possible to achieve higher overall conversions by increasing the reaction 
temperature. 1-Octanol oxidation catalyzed by V6O13-ZrO2 under visible light 
irradiation at 40 °C and 60 °C gave octanal yields of 68% and 63% respectively, while 
no reaction in the dark was detected at 40 °C or 60 °C. This indicated that the reaction 
is relatively unaffected by reaction temperature, and is primarily driven by light 
excitation. 
 
Figure 3. The action spectra of V6O13-ZrO2 (a) and V6O13-γ-Al2O3 (b) for the selective 
oxidation of 1-octanol. 
To further study the impact of light irradiation on the catalytic performance of the 
photocatalysts we applied action spectra to show the relationship between the incident 
light wavelength and the product yield. Action spectrum of a reaction provides insight 
into the role of light-excitation on the reaction activity by explicitly depicting the 
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influence of the irradiation within narrow energy ranges.
16
 The action spectra of 1-
octanol oxidation to the corresponding carbonyl products at 30 °C with two catalysts 
(V6O13-ZrO2 and V6O13-γ-Al2O3) are illustrated in Figure 3, in which the apparent 
quantum yield (AQY) is plotted against the irradiation wavelength. A clear dependence 
of the yield on the wavelength of the light absorption can be seen for both cases. Higher 
activity is always observed at stronger light absorption that occurs as the wavelength 
decreases. Significantly lower yields are observed at longer wavelengths (590 nm and 
620 nm). 
The uniqueness of the catalysis which is visible light driven and does not require 
elevated temperatures, but which is O2 and substrate support controlled, suggests a 
unique mechanistic process is involved. Whilst a complete understanding of the 
mechanism remains elusive, some insight into the mechanism can be determined. For 
instance the photo-generated charge transfer and separation properties of the V6O13-
ZrO2 and V6O13-TiO2 catalysts can be assessed using atmosphere-controlled steady-
state surface photovoltage spectroscopy (SS-SPS) (Figure 4). The strong SPS response 
indicates high charge transfer and separation,
32
 and this is always related to high 
photocatalytic activity for conventional semiconductor photocatalysts. 
 
Figure 4. The SS-SPS responses of V6O13-TiO2 (a) and V6O13-ZrO2 (b) catalyst in 
different atmosphere. 
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The strongest SPS response from the V6O13-TiO2 catalyst appears in the UV range 
(Figure 4a). However this is attributed to the TiO2 support rather than the grafted V6O13 
active species, as the response of V6O13-ZrO2 is much weaker (Figure 4b, 
approximately 1/10 of that of V6O13-TiO2 catalyst,). However, the strong response of 
the TiO2 support did not contribute to the photocatalytic performance. We conducted 
the selective oxidation of 3-hexanol using V6O13-ZrO2 and V6O13-TiO2 catalyst 
respectively under UV irradiation (365 nm, light intensity 0.12 W/cm
2
). The reaction 
with V6O13-ZrO2 catalyst gave 30% conversion, whereas the reaction with V6O13-TiO2 
catalyst gave only 9% conversion. These results suggest that the mechanism by which 
light drives the selective oxidation is different from that of the conventional processes 
for semiconductor photocatalysts.  
When focused on the grafted V6O13 species, we noted that the SS-SPS intensity of 
V6O13-ZrO2 is strongly affected by the atmosphere in the wavelength range between 
350 nm and 500 nm. There is a significant SS-SPS response in pure O2 atmosphere, but 
no SS-SPS response in an N2 atmosphere (Figure 4b). This result suggests that the 
photo-generated charge transfer to the adsorbed O2 molecules play an important role. 
The ability of the supports to adsorb and activate O2 may also affect the selective 
oxidation. Zeolite Y has a poor oxygen adsorption capability whereas titanates have 
excellent ability to activate O2.
33
 It is important to note then that V6O13-zeolite Y gave 
no activity in air (Figure S5, SI), while the activity of V6O13-titanate in air was only 
slightly lower (70%) than that in a pure O2 atmosphere. Also the three grafted 
photocatalysts that exhibit high photocatalytic activity, V6O13-γ-Al2O3, V6O13-ZrO2 and 
V6O13-titanate, can substantially absorb visible light (Figure 2). The visible light 
absorption arises from the grafted V6O13 species as the γ-Al2O3, ZrO2 and titanate 
supports themselves all have negligible visible light absorption. Hence, the visible light 
absorption of the grafted V6O13 species and the adsorbed O2 molecules on the catalyst 
surface result in the SS-SPS response, which indicates photo-generated charge 
separation. The SS-SPS response is relatively weak, which is an important indicator of 
activating O2 molecules for the photocatalytic oxidation. 
Beyond the photo-generated charge driving mechanism, there are other plausible 
mechanistic pathways by which the photocatalytic oxidation reaction may proceed. The 
light absorption could generate radicals that ultimately drive the oxidation at room 
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temperature.
34
 Alternatively, upon light illumination, excited states of the chemically 
adsorbed alcohol molecules formed on the V6O13 particles, may transfer a proton to 
adsorbed O2, before further reaction leads to the products. In this regard, radical 
scavengers and excited state quenchers were used in an attempt to give insight into the 
reaction pathway (Table S2, SI). We found that introducing di-tert-butylphenol (DTBP, 
a powerful radical scavenger) of the same molar number as that of vanadium atoms in 
the catalyst to the reaction system (i.e. using a molar ratio of DTBP:V of 1:1) had no 
obvious influence on the reaction. Whereas, adding an equimolar amount of pyridine, 
an excited state quencher, resulted in a decrease in the 3-hexanone yield to 51% under 
otherwise identical conditions. This effect may also arise from pyridine behaving as a 
base.   
This further suggests that the reaction proceeds through a light-excited state. An 
electron spin resonance (ESR) spectrum of the freshly prepared V6O13-γ-Al2O3 
photocatalyst indicates the presence of vanadium species
35
 (Figure 5). When the 
nitroxide TEMPO, which can quench excited state and scavenge radicals, is introduced, 
the signature 3-line ESR signal of TEMPO decreases and interferes with the vanadium 
ESR signal. Furthermore, when this mixture was irradiated with blue light (460 nm), 
the TEMPO signals disappeared completely, indicating that TEMPO interacts with 
light excited V6O13-alkoxide and transforms to an ESR silent state (Figure 5). Similar 
results were also obtained when using the V6O13-ZrO2 catalyst (Figure S6, SI). 
However, the same ESR test on V2O5 catalyst shows that the TEMPO signals were still 
observed clearly after irradiation (Figure S7, SI). Given that the V2O5 catalyst exhibited 
negligible photocatalytic activity, the ESR results further confirmed that the light 
excited V6O13-alkoxide species play a dominate role in the photocatalytic reactions, 
which is different from those catalysts via a semiconductor mechanism. 
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Figure 5. ESR spectra of the V6O13-γ-Al2O3 catalyst under different reaction conditions. 
To simulate the formation of V6O13-alkoxide species on the support surface, the 
behavior of the alcohol on the V6O13 surface was modelled through the adsorption of 3-
hexanol on a V6O13 cluster using density functional theory (DFT) calculations. Details 
for the calculations are described in the SI. 
 
The calculation results show that 3-hexanol readily adsorbs on the V6O13 cluster with 
adsorption energy of 21.2 kcal/mol (Figure 6a). The adsorbed structure was first 
present as isomer 1 as shown in the figure. When the 3-hexanol was adsorbed on the 
V6O13 cluster surface, the O-H bond was easily cleaved to form the isomer 2. The 
energy barrier to break the O-H bond is 9.7 kcal/mol. We also calculated the optical 
absorption properties of V6O13 and isomer 2. The excited states with energies in the 
range from 400 to 800 nm are listed in Table S2, ESI. There are significantly more 
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visible light excited states for the V6O13-alkoxide species compared to pristine V6O13. 
We plotted the calculated excited states with the light absorption spectrum of the 
V6O13-γ-Al2O3 catalyst (Figure 6b). The V6O13 particles and alcohol molecules 
preferably form V6O13-alkoxide in the reaction system and this V6O13-alkoxide has a 
stronger optical absorption compared to naked V6O13 particles in 400-800 nm 
wavelength regions. It is therefore likely that visible light excites the V6O13-alkoxide 
and the resultant excited state reacts with O2 adsorbed in the vicinity. 
 
Figure 6. (a) The DFT calculated stepwise adsorption of 3-hexanol on V6O13 cluster. 
The red spheres represent oxygen atoms; large grey spheres, vanadium atom; in the 
adsorbed molecule, grey spheres are for carbon atom white small spheres for hydrogen 
atoms, (b) DFT simulated oscillator strength for the allowed excited states of 3-hexanol 
adsorbed on V6O13 (green) in 400-800 nm wavelength range compared with the light 
absorption spectrum of the V6O13-γ-Al2O3 catalyst (left axle). The strength for the 
excited states of the V6O13 particles is relatively low (red).  
 
The strong interaction of the reactant with the surface of the V6O13 grafted surface 
catalysts is confirmed by infrared emission spectroscopy (IES) analysis with the V6O13-
ZrO2 catalyst and 3-hexanol as the reactant (Figure 7). We can clearly see the presence 
of a strong peak around 1000 cm
-1
 in panel of Figure 7, which is attributed to V=O 
bonds, and the peak disappeared above 250 °C (Figure 7a). The strong C=O carbonyl 
stretching was observed in Figure 7a, which can be ascribed to the presence of the 
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oxidation product 3-hexanone, since the 3-hexanol was adsorbed on the catalyst prior to 
the IES analysis and the alcohol adsorbed catalysts were exposed to air during the 
adsorption and analysis. The interaction of 3-hexanol with the surface of V6O13-ZrO2 
catalyst is much stronger than that without the V6O13 species according to comparison 
of Figure 7a and 7c. Therefore, the oxidation is likely to take place on the V6O13 
clusters of the V6O13-ZrO2 catalyst, and the mechanism of the reaction is likely to 
involve the reactant molecule activation on the grafted V6O13 species. The strong 
chemisorption of the reactant molecule on the surface of the catalyst would 
significantly promote the catalytic activity in photocatalysis.
36
 
 
Figure 7. IES spectra of 3-hexanol adsorbed on V6O13-ZrO2 catalysts (a), V6O13-ZrO2 
catalysts (b), and 3-hexanol adsorbed on ZrO2 (c). 
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In accordance with the experimental and computational results in the present study and 
literature,
35,37
 some insight into the mechanism for the light-driven catalytic selective 
oxidation of alcohols can be attained (Scheme 1). The first step of the likely catalytic 
cycle would involve alcohol adsorbing on the V6O13 clusters (I). Subsequent insertion 
into the O-H bond and loss of a proton would give the V6O13-alkoxide on the cluster 
surface as supported by DFT simulation results. The release proton is captured by 
adsorbed O2 on the catalyst surface (II). Irradiation with wavelength <520 nm can 
efficiently excite the V6O13-alkoxide and cleavage of the C-H bond of α-C (the reaction 
step yielding IV from III) in the light-excited state of V6O13-alkoxide would be much 
easier than that in unexcited state. Hence, the reaction proceeds under light irradiation, 
but not in the dark. The presence of adsorbed O2 in the vicinity of the photo-excited 
V6O13-alkoxide may facilitate the cleavage (III), producing the desired carbonyl 
compound and regenerating the V6O13 surface (IV). 
 
Scheme 1. Proposed mechanism of alcohol oxidation by V6O13 grafted surface catalysts. 
CONCLUSIONS  
In summary, a new light-driven catalytic process has been developed that exploits a 
variety of stable, reusable and readily prepared catalysts of mixed-valence vanadium 
oxide clusters dispersed on oxide supports. A key feature of these new photocatalysts is 
that V6O13 species with mixed oxidation states (V
4+
 or V
5+
) are the active component 
for the visible light photocatalysis. The catalysts are highly effective for selective 
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oxidation of aliphatic and aromatic alcohols to the corresponding aldehydes and 
ketones under visible light irradiation using molecular oxygen as a benign oxidant. The 
reaction is likely to proceed via an excited state V6O13-alkoxide intermediate and 
subsequent elimination of α-H in the bound alkoxide to produce the desired carbonyl 
compound. This represents a new mechanism distinct from conventional processes for 
semiconductor photocatalysts. It was also demonstrated that the catalytic selective 
oxidation can be driven with focused sunlight at ambient temperature. Furthermore, 
these catalysts are able to oxidize relatively stable C-H bonds present in alkyl aromatics 
at ambient temperature using molecular oxygen under visible light irradiation. The 
catalytic process is temperature independent and driven entirely by light. The prospect 
of non-noble metal catalyzed selective oxidation using an earth abundant element and 
molecular oxygen at room temperature has the potential to deliver greener industrial 
processes in the future. 
EXPERIMENTAL  SECTION  
Synthesis of V6O13 grafted on different oxide supports. All precursor chemicals 
were purchased from Sigma-Aldrich except laponite (Kindly supplied by Fernz 
Specialty Chemicals, Australia), and used without further purification. Generally, one 
gram of the oxide support (either prepared in the lab (γ-Al2O3 nanofibres, zeolite Y, 
protonated-titanate, hydrotalcite) or commercially available (ZrO2, laponite, V2O5) was 
mixed with 0.165 g of VO(acac)2 and 100 mL of 95% ethanol. The suspensions were 
sonicated in an ultrasonic bath for 1 h and aged for about 16 h (overnight). The 
precipitate (V6O13-grafted oxide) was recovered, washed with 95% ethanol for three 
times. The product was dried at 60 °C for 12 h under vacuum 
Characterization of catalyst. The TEM study on the catalysts was conducted using a 
Philips CM200 JEOL 2100 TEM with an accelerating voltage of 200 kV. XRD patterns 
of the samples were recorded on a Philips PANalytical X’Pert PRO diffractometer 
using Cu Kα radiation (λ = 1.5418 Å) operating at 40 kV and 40 mA with a fixed slit. 
To investigate the light absorption and emission behavior of the samples as well as 
their energy band gap, we measured the diffuse reflectance UV-Visible (DR-UV-VIS) 
spectra of the samples on a Varian Cary 5000 spectrometer. The nitrogen sorption 
isotherms were measured by volumetric method on an automatic adsorption instrument 
(Micromeritics, Tristar 3000) at liquid nitrogen temperature (77 K). Electron 
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paramagnetic resonance (EPR) spectra were recorded with a Bruker EPR ELEXSYS 
500 spectrometer operating at a frequency of 9.5 GHz in the X-band mode. 
Measurements were performed with an ER 4131 VT variable temperature accessory at 
135 K. The infrared (IR) spectra were recorded on Nicolet Nexus 870 IR 
spectrophotometer equipped with a deuterated triglycine sulfate (DTGS) detector and a 
diamond attenuated total reflectance (ATR) smart accessary. For each measurement 64 
scans were collected over the spectral range of 4000-525 cm
-1
 with a resolution of 4 
cm
-1
. X-ray photoelectron spectroscopy (XPS) data was acquired using a Kratos Axis 
ULTRA X-ray Photoelectron Spectrometer incorporating a 165 mm hemispherical 
electron energy analyzer. The incident radiation was Monochromatic Al Kα X-rays 
(1486.6 eV) at 225 W (15 kV, 15 ma). Narrow high-resolution scans were run with 
0.05 eV steps and 250 ms dwell time. Base pressure in the analysis chamber was 
1.0×10
-9
 torr and during sample analysis 1.0×10
-8
 torr. Peak fitting of the high-
resolution data was carried out using the CasaXPS software. The IES measurements 
were conducted on a Digilab FTS-60A spectrometer equipped with a TGS detector, 
which was modified by replacing the IR source with an emission cell. 
Photocatalytic activity test. The light source for photocatalytic activity test was light 
emitting diode (LED). Single wavelength LEDs (purple: 390-410 nm, blue: 460-462 
nm, green: 515-517 nm, yellow: 587.5-590 nm, red: 620-625 nm) and white light LEDs 
(400-800 nm) were employed appropriately in this study. For a typical photocatalytic 
reaction, 50 mg of the oxide supported V6O13 catalyst, 0.2 mmol of an alcohol and 2 
mL of α,α,α- trifluorotoluene (as solvent) were mixed in a closed glass tube reactor, 
purged with oxygen for 2 min. The reaction mixture was magnetically stirred and 
illuminated with light of a particular wavelength range at 30±2 
o
C for a desired time 
period. For the reactions directly using VO(acac)2 as photocatalyst, 8 mg of VO(acac)2 
was used as the number of vanadium centers is equivalent to that in the 50 mg 
photocatalyst of V6O13 grafted solid. Specimens were taken from the reaction mixture 
at designed irradiation time intervals, and filtered through a Millipore filter (400 nm, 
Teflon) to remove the catalyst particles prior to the analysis. The filtrate was analyzed 
by Agilent 7820A gas chromatography (GC) equipped with a HP-5 column. 
ASSOCIATED CONTENT  
56 
 
 
Supporting Information. Figures S1-8, Tables S1-S3, and detailed DFT simulation 
parameters. This material is available free of charge via the Internet at 
http://pubs.acs.org. 
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Supplementary Figures  
 
 
Figure S1. (a) TEM images of the V6O13-γ-Al2O3 sample, (b) elemental composition by 
EDX analysis of V6O13-γ-Al2O3 sample, (c) UV-Visible diffuse reflectance spectra of 
the V6O13-γ-Al2O3 sample and pristine γ-Al2O3 for comparison, (d) XRD pattern of the 
V6O13-γ-Al2O3 sample (peaks are indexed for alumina phase). 
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Figure S2. Raman spectra of the V6O13-ZrO2 and ZrO2. 
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Figure S3. Thermogravimetric analysis data of VO(acac)2 and V6O13-titanate. 
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Figure S4. The reusability of catalyst for 3-hexanol oxidation by V6O13-ZrO2 catalyst 
over 5 cycles. 
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Figure S5. Photocatalytic oxidation of 3-hexanol under different atmospheres. 
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Figure S6. EPR result of the V6O13-ZrO2 catalyst. 
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Supplementary Tables  
 
Table S1. Comparison of the reaction conditions and achieved conversions of the other 
catalysts reported in the literature for the oxidation of 3-hexanol to 3-hexanone.  
Reference Reaction conditions Conversion (%) 
1 Cu catalyst, TBHP, 80 °C, 1 h, 
microwave irradiation (10 W) 
57~77 
2 Cu catalyst, TBHP, 80 °C, microwave 
irradiation (10 W power), 240 min 
72 
3 Oxidovanadium complexes, 80 °C, 2 h 
30 min of microwave irradiation (25 W) 
28~32 
4 [FeCl2(Py2S2)] catalyst, 80 °C, 
microwave irradiation (10 W power), 
240 min 
31.7 
5 Cu complexes, 120 °C, 0.5 h 48 
6 Cu (II) + TEMPO, 80 °C, 0.5 h 42 
7 Pd NPs, 85 °C, 15 h 65 
Present study V6O13-γ-Al2O3 or V6O13-γ-Al2O3, 30 °C, 
1 atm O2, 16 h, LED lamp 0.5 W/cm
2
  
100 
 
Compared with some literature reported reaction conditions of heterogeneous catalysts, 
it can be seen that most of the reported work were conducted under elevated 
temperatures, while V6O13 catalysts can drive the reaction at only 30 °C with irradiation 
achieving high conversion (100 %). Thus the V6O13 photocatalyst is much greener and 
efficient. 
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Table S2. Influence of excited state quenchers and radical scavengers on the conversion 
rate of 3-hexanol oxidation to 3-hexanone photocatalysed by V6O13-ZrO2
[a]
 
Additive Activity 
V 
centres / 
mmol 
additive/ 
mmol 
Conv./ % Select./ % 
none none  0.03 0 100 >99 
DTBP radical scavenger 0.03 0.03 100 >99 
pyridine excited state quencher 0.03 0.03 51 >99 
TEMPO excited state 
quencher/ radical 
scavenger 
0.03 0.03 5 >99 
 
    
 
[a]
 Reaction conditions: 3-hexanol 0.2 mmol; photocatalyst  50 mg; 2 mL of α,α,α-
trifluorotoluene; reaction time 16 h; reaction temperature 30 
oC; light source, λ=460 nm 
LED lamp; light intensity, 0.5 W/cm
2
. Vanadium centers were calculated based on 
vanadium centers available in 50 mg of V6O13 grafted solid according to EDX data. 
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Table S3. The excited states, corresponding absorption wavelengths and oscillator 
strengths of V6O13 and adsorption structure of 3-hexanol on V6O13 in the range from 
400 to 800 nm. 
System  Energy 
(kcal/mol
) 
Excited States in visible-light region 
V6O13 
 
0.0  427.6: 0.0000   436.1: 0.0050 
451.0: 0.0000   461.3: 0.0085 
484.1: 0.0000   512.1: 0.0009 
515.0: 0.0000   522.8: 0.0007 
588.5: 0.0000   603.1: 0.0058 
649.2: 0.0028   691.5: 0.0003 
719.7: 0.0000 
730.9: 0.0016 
V6O13-3-hexanol 
 
-24.3 404.6: 0.0145   414.4: 0.0015 
428.2: 0.0071   442.1: 0.0154 
449.2: 0.0015   462.9: 0.0047 
468.1: 0.0077   489.1: 0.0230 
496.5: 0.0057   515.5: 0.0245 
530.1: 0.0011   565.9: 0.0004 
595.0: 0.0043   612.8: 0.0026 
627.7: 0.0007   664.4: 0.0021 
723.8: 0.0008   759.0: 0.0018 
774.8: 0.0025 
 
 
71 
 
 
Calculation Method:  All the structures were optimized in the framework of 
density funcational theory (DFT) with the hybrid B3LYP
8
  functional. The frequency 
calculations were carried out to confirm that all the structures are geometrically stable, 
and to obtain the zero–point vibration energies (ZPE). The energetic term in the text 
includes the electronic energy and ZPE correction. The optical absorption properties 
were calculated also with hybrid B3LYP functional in the framework of time-depended 
DFT (TDDFT).
9
 For all the calculations, the standard 6-31++G(d,p) basis set was 
employed to describe the atomic orbitals of all atoms involved. All the calculations 
were performed with Gaussian 09 package.
10
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CHAPTER 3 
EFFICIENT PHOTO REDOX CATALYSIS BY 
SUPPORTED GOLD NANOPARTICLES 
UNDER VISIBLE LIGHT 
3.1 Introductory Remarks 
This chapter includes an article prepared for submission to JPCC.  
In this chapter I worked on a project where the main photocatalytic component is Au 
NPs supported on a composite support of metal oxide-silicate. Previous work done on 
supported Au NPs photocatalysts reveals that support materials have an impact on the 
overall catalytic activity of the photocatalyst. Au-La2O3-silicate showed remarkably 
good photo activity for the photooxidation of benzylalcohol to benzaldeyde and 
photoreduction of nitro aromatics to azoxybenzene at an ambient temperature of 40 
o
C. 
In light of this, in this study we report that Au NPs supported on La2O3-silicate support 
as an efficient photocatalyst for photooxidation and photoreduction. The main course 
behind this activity as supported by classical computational simulations is the higher 
field enhancements observed under oxidation and reduction conditions for Au-La2O3-
silicate system compared to Au-silicate system.  
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ABSTRACT: Supported gold nanoparticles (Au NPs) photocatalysts are usually 
restricted to either selective oxidation or selective reduction reactions. Support 
materials have an impact on the overall photocatalytic activity. Herein we report Au 
NPs supported on La2O3-silicate composite as an efficient photocatalyst for 
photooxidation and photoreduction. Classical computational simulations revealed 
higher fields enhancements for both oxidation and reduction in Au-La2O3-silicate 
system compared to Au-silicate system. Au-La2O3-silicate system showed an excellent 
selectivity to azoxybenzene from nitrobenzene at ambient temperature of 40
o
C and at 
slightly elevated temperatures azobenzene and 1,2-diphenyl hydrazine, while aniline 
yield was <5% at all times. These observations are unique to Au-La2O3-silicate, usually 
under thermal conditions aniline is the ultimate product.  
INTRODUCTION 
Recent research on photocatalysis offers great promise in the advancement of 
chemical production, environmental remediation,
1-2
 functional materials
3-4
 and energy 
storage
5-7
. Supported gold nanoparticles are known to catalyse selective organic 
transformations under UV-visible light irradiation.
8-14
 An important feature to note is 
that differently supported Au NP photocatalysts, as well as the NPs of other plasmonic 
noble metals, can photocatalyse different reactions at varying level of complexity when 
illuminated with UV-visible photons. Light response of these noble metal NPs is 
mainly due to the localized surface plasmon resonance (LSPR) effect, which arises 
from collective oscillation of the conduction electrons of metal NPs induced by the 
incident electromagnetic radiation.
15-16
 As a result, strong field enhancements of the 
local electromagnetic field near the rough surface of noble metal NPs are observed.
17
 
Enhancement is about 10
3
 times the intensity of the incoming photon at the surface of 
an isolated particle and more than 10
6
 for two particles separated by 1 nm (hot spots).
18
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Supports, besides preventing agglomeration and particle growth of the metal NPs, 
also play an important role in catalytic reactions through synergistic interaction with 
the loaded metal NPs.
19-20
 Based on observations, supported Au NP photocatalysts can 
usually catalyse either selective oxidation or selective reductions, but not both.
8-14
 In 
fine chemical production both selective oxidation and reduction transformations are 
equally important. A supported Au NP photocatalyst with dual activity would therefore 
be of sound interest, as it could greatly enhances the scope and strength of the 
photocatalyst. In our previous studies we noticed that Au NPs supported on metal oxide 
supports can photocatalyse selective reduction reactions such as reduction of ketones, 
epoxides and nitroaromatics,
8,10-11
 while Au NPs supported on porous silicates like 
zeolite supports can efficiently photocatalyse oxidation reactions.
9
 These discoveries 
denote the importance of more studies on support effects for a deeper understanding. 
We therefore hypothesized if Au NPs supported on a composite support material of 
silicate modified with metal oxides, it should be able to photocatalyse both selective 
oxidation and selective reduction reactions. Herein we report Au NPs supported on 
composite support of La2O3-silicate from laponite as an efficient photoredox catalyst. 
As shown in Scheme 1, Au NPs may bind to different locations: either to the surface or 
inside the pore. It could also be attached on a silicate unit, La2O3 nanocrystal or La2O3-
silicate junction. This diversity of the positioning represents significantly different 
environments, the particular dielectric environment in the immediate neighbourhood of 
individual Au NPs could result in extended catalytic activity. 
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Scheme 1. Au-La2O3-silicate formation from silicate: inset refers to TEM image of Au-
La2O3-silicate, scale bar 25 nm. 
In a few cases it has been shown that plasmon driven chemical processes can display 
unique selectivity compared to purely thermal processes. An example is photocatalytic 
nitrobenzene reduction by Au-ZrO2 what produces azobenzene
5
 while a thermal 
counterpart is Au-TiO2 which results in aniline.
21
  
In the present study we investigated nitrobenzene reduction to azoxybenzene and 
benzyl alcohol oxidation to benzaldehyde as model reactions for reduction and 
oxidation reactions respectively to prove the concept. These reactions are important in 
organic synthesis and biological chemistry. 
RESULTS AND DISCUSSION 
The 3 wt% Au NPs supported on La2O3-silicate exhibited excellent activity for both 
reduction and oxidation reactions under visible light irradiation, as shown in Table 1. A 
quite different result was observed with 3 wt% Au supported on silicate. 
Table 1. Performance comparison of Au-La2O3-silicate and Au-silicate photocatalysts. 
catalyst 
benzyl alcohol
a
 nitrobenzene
b
 
conv.[%] sel.[%] conv.[%] sel.[%] 
Au-silicate 78 >99 16 88 
Au-La2O3-silicate 91 96 86 91 
Reaction conditions: 
a
 0.26 mmol of benzyl alcohol, 1.5 mL of toluene, 30 mg of 
catalyst, oxygen atmosphere, 24 h, selectivity towards benzaldehyde. 
b
 0.3 mmol 
nitrobenzene, 0.03 mmol KOH, 3 mL of IPA, 50 mg of catalyst, argon atmosphere, 6 h, 
selectivity towards azoxybenzene, 45 
o
C, light intensity 0.36 W cm
-2
, wavelength range 
(420-800 nm). 
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The electric near field enhancement (ENFE) in the close proximity of Au NPs in 
Au-silicate and Au-La2O3-silicate was studied by computational simulations (detailed 
analysis method is given in Supporting information, SI). The LSPR peak of Au NPs of 
as prepared Au-silicate and Au-La2O3-silicate catalysts appears around 530 nm as given 
in Figure S1. Therefore field enhancements calculated at 561 and 550 nm, respectively, 
for oxidation and reduction environments are believed to be a fair resemblance of the 
real surrounding field at the LSPR wavelength of the Au NPs. According to the 
simulation results, the field enhancement (E/Eo) of Au-La2O3-silicate is much stronger 
compared to Au-silicate photocatalyst for both oxidation and reduction environments, 
[E/Eo] of Au-La2O3-silicate for oxidation at 561 nm incident radiation is 16 and the 
reduction at 550 nm is 15, whereas that of Au-silicate is 7.6 and 6.8 respectively. 
Simulated solar light absorption by Au NPs in Au-La2O3-silicate is always higher than 
that of Au-silicate at any given incident wavelength between 400-800 nm for both 
oxidation and reduction as shown in Figure 1.  
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Figure 1. Simulated light absorption by Au-La2O3-silicate and Au-silicate at oxidation 
and reduction environments. 
 
To understand the reason behind the improved field enhancement and to confirm the 
formation of Au-La2O3-silicate, we characterized and compared Au-La2O3-silicate with 
Au-silicate. Indeed, the X-ray diffraction (XRD) pattern of the Au-La2O3-silicate had 
peaks related to silicate units from laponite, [004] plane of La2O3 and [111] and [002] 
planes of metallic gold, confirming the presence of all elements in our composite 
catalyst (Figure S1: SI). According to TEM images, in Au-La2O3-silicate, the Au NPs 
sizes are in the range of 2-10 nm spherical particles (Figure S2: SI), where the mean 
particle diameter is 6 nm. Au NPs in Au-silicate were slightly smaller, all particles 
being in the 2-7 nm range with the average of 4 nm. Interestingly no agglomeration of 
Au NPs were seen in Au-silicate, all were homogeneously distributed over the silicate 
surface. Also it is notable that silicate in Au-silicate is more crystalline than the silicate 
of La2O3-silicate support in Au-La2O3-silicates, the latter material is amorphous with 
high porosity as evidenced by XRD (Figure S3: SI). This could be a strong influencing 
factor for such remarkably high diffraction peaks from Au [111] and [002] in Au-
silicate. However, light absorption of Au-La2O3-silicate is significantly high around the 
resonance wavelength (~530 nm) compared to Au-silicate (Figure S4: SI). The LSPR is 
heavily dependent upon the NP size, shape and the dielectric constant of the media.
22-24
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In the new Au-La2O3-silicate composite catalyst discussed in the present study, Au NPs 
are homogeneously distributed over the La2O3-silicate as can be seen in TEM images. 
Furthermore, it is possible for the Au NPs to be on either La2O3 surface, silicate surface 
or at La2O3-silicate junction. Electric field enhancements experienced by Au NPs at 
these three incidents will be different and the collective effects might yield the observed 
high photo induced redox activity. 
  
Figure 2. Pore size distribution of Au- silicate and Au-La2O3-silicate derived from N2 
sorption isotherm, BJH method (desorption branch) 
In order to further understand the enhanced photocatalytic activity of Au-La2O3-
silicate, the pore size distribution (PSD) and specific surface area change is usefully 
probed to identify the position of La2O3 and Au NPs. Pore size distributions of the 
catalysts studied using the Barrett-Joyner-Halenda (BJH) method (desorption branch) is 
given in Figure 2. The starting clay laponite had a higher number of pores around 4 nm. 
It was calcined before preparing the Au-silicate. The PSD did not change much from 
laponite (precursor silicate source) to Au. Laponite exhibited more pores around 4 nm. 
After Au loading, the volume of pores subsequently reduced. 
This can be explained considering the average size of Au NPs in Au-silicate as 
determined by TEM. While many Au NPs of 4 nm get into the pores of the silicate, Au 
NPs are in the same size range, and can completely block the pores. This will retard 
any opportunity for the Au NPs inside the pores to take part in catalysing the reaction. 
Converting silicate to La2O3-silicate results in higher number of large mesopores (8-16 
nm) in the composite support. Au NPs can either be in the pores or on the surface. After 
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the Au loading, the average pore size distribution changed to 6-12 nm. This reflects 
that, much of the formed Au NPs are loaded on to the pores and now the pores are 
relatively smaller. Yet these pores are large enough for the reactant molecules to 
diffuse in and out to undergo the reaction. Conversely specific surface area of La2O3-
silicate (376.1 m
2
g
-1
) did not change much after Au loading (359.0 m
2
g
-1
). Based on the 
observations it is reasonable that Au NPs inside the pores are more potent in catalysing 
the reaction than the Au NPs on the surface. 
To demonstrate the general applicability of the Au-La2O3-silicate catalyst, we 
explored oxidation and reduction of some diverse benzylic alcohols and nitroarenes, 
respectively, and consistently achieved the corresponding azoxybenzenes (entries 6-9) 
and aldehydes (entries 1-5) in excellent selectivity and good yields (Table 2). The dark 
reactions studied under otherwise conditions gave very low yields of the products 
(<5%). 
Table 2. Au-La2O3-silicate photocatalysed conversions. 
entry product conv.[%] sel.[%] 
1 
 
89 >99 
2 
 
91 >99 
3 
 
58 >99 
4 
 
51 >99 
5 
 
38 >99 
6 
 
65 98 
7 
 
81 93 
8
a
 
 
63 98 
9
a
 
 
59 98 
         Reaction conditions: similar to that of Table 1, except for 
a
 10 h. 
This observation leads us to suggest that compounds with electron deficient 
substituent groups attached to the aromatic nucleus cannot be activated by Au-La2O3-
silicate upon visible light irradiation.  One possibility for this retardation effect could 
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be that the lowest unoccupied molecular orbitals (LUMO) of these compounds lies so 
high in the energy scale depending on their potential energy landscape, that LSPR 
excited energetic electrons do not possess enough energy to jump into anti-bonding 
orbitals of the adsorbed reactant molecules. Therefore, no transformation occurred in 
these reactions. 
We then moved on to study the light intensity and wavelength dependence of the 
photocatalytic rate of these two reactions. As shown in Figure 3, oxidation of benzyl 
alcohol and reduction of nitrobenzene demonstrated a linear dependence of the reaction 
rate with the source intensity. This linear dependence is a characteristic feature of 
photoexcited electron driven chemical process.
12
 The values given in Figure 3 refer to 
the percentage rate enhancement by light at a given intensity, compared to the overall 
rate (light and dark contributions). Percentage light contribution is increased with the 
increasing light intensity. This is because at higher light intensity, the number of light 
photons reaching the reaction system is higher, therefore it can give rise to more 
number of energetic excites electrons to transfer into adsorbate anti bonding orbitals to 
subsequently convert into products, benzaldehyde and azoxybenzene.  
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Figure 3. Intensity dependent photo activity. 
Reaction conditions: similar to that of Table 1, except for A. source wavelength 462 
nm, time 6 h. B. source wavelength (400-800 nm). 
Apparent quantum efficiency calculated to normalize the reaction rate is plotted as a 
function of wavelength of monochromatic light emitting diode (LED) and shows higher 
product efficiencies at the wavelength corresponding to the LSPR wavelength of Au 
NPs (Figure 4). Such a tendency reveals a strong impact from plasmon excitation 
towards the conversion rate of the reaction.
25
 One feature to note with nitrobenzene 
reduction reaction is, that the major product (>90%) observed at the different 
wavelengths and different intensities studied is azoxybenzene. Though azoxybenzene is 
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useful as a chemical stabilizer, a dye reagent, polymerization inhibitor and reducing 
agent,
26-27
 stabilizing azoxybenzene is regarded as challenging. In most cases reduction 
of nitro compounds yield aniline or corresponding amine counterpart as the major 
product.
21
 Usually azoxybenzene is observed as an unstable intermediate in the 
reduction of nitrobenzene, where azoxybenzene rapidly transform to azobenzene and 
further to aniline.
8,28
 In contrast, Au-La2O3-silicate catalyst in the present study offers a 
promising stability towards azoxybenzene around 40-45
o
C. It is therefore expected that 
the Au NPs inside the pores to be more reactive compared to the Au NPs on the surface 
of Au- La2O3-silicate. 
 
Figure 4. Wavelength dependent photo activity. 
Reaction conditions: similar to that of Table 1 
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Thus we further explored more into the stabilization of azoxybenzene. Reactions 
carried out at different temperatures up to 24 h are given in Table S1: SI. Based on our 
observations nitrobenzene is reduced to azoxybenzene as the initial stable product and 
then it converts to azobenzene. Conversion of azoxybenzene to azobenzene is however, 
slower and even after 24 h azoxybenzene selectivity was >68% at 40
o
C. Azobenzene 
further transforms to hydra azobenzene (1,2-diphenyl hydrazine) as observed at 50 and 
60
o
C. Results clearly reveal that, azobenzene to hydra azobenzene transformation does 
not occur until all azoxybenzene in the medium is completely reduced to azobenzene. 
At relatively low temperature (40
o
C) azoxybenzene is the major product, the isolated 
product from the reaction mixture is stable under bench conditions for up to three 
months. Most importantly even after 24 h at 60
o
C aniline yield was below 5%. This 
affirms that Au-La2O3-silicate has a strong affinity towards coupled products.  
Dissociation of azobenzene or even more reduced 1,2-diphenylhydrazine into aniline is 
disfavoured in this reaction despite longer reaction time and higher temperatures 
provided in the reaction system, except for a small yield of aniline (1-5%) formed 
owing to a different pathway in a competing reaction. 
 
Figure 5. Performance of Au-metal oxide-silicate on reduction of nitrobenzene to 
azoxybenzene. Black: dark, blue: Xe lamp and green: LED light (400-800 nm) 
Reaction conditions: similar to that of Table 1 except for the light source 
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We also prepared different Au-metal oxide-silicate catalysts using metal oxides such 
as CeO2, ZrO2 and TiO2, in order to investigate the correlation of Au NPs distribution, 
pore size distribution and the performance of the catalyst in the reduction of 
nitrobenzene. 
Reactions with metal oxide-silicate as catalyst did not show any catalytic activity in 
the photo or thermal (heating) conditions. As can be seen in Figure 5, performance of 
Au-CeO2-silicate, Au-TiO2-silicate and Au-ZrO2-silicate is greatly lower than that of 
Au-La2O3-silicate. It is understood that the primary cause for the photo activity is the 
catalytic active centres of Au NPs. According to energy dispersive x-ray analysis all the 
catalyst samples exhibit similar Au content, on average 3% by weight (Table S2: SI). 
The shape and the size of the Au NPs on each of the different composite supports are 
studied using TEM, particle size distributions. TEM images are given in (Figure S2: SI) 
and Au NPs are of spherical shape in all occurrences while the particle size distribution 
is moderately different from sample to sample. All these Au-metal oxide-silicate 
supported catalysts have intense characteristic LSPR bands around 530 nm due to 
spherical Au NPs (Figure S4: SI). These findings reveal that occurrence of Au NPs in 
the support is insufficient for the desired performance of the catalysts. We therefore 
studied the specific surface area change and the pore size distribution of the catalysts to 
understand the reason behind the dramatically different catalytic performance under 
otherwise identical conditions.  
It is apparent that there is significant contribution from the porous support. The 
support materials are evaluated on the basis of how they differ from one another and 
correlate to the activity in the photocatalytic reaction. According to energy dispersive 
X-ray (EDX) analysis no Mg was found in TiO2-silicate or Au-TiO2-silicate (Table S2: 
SI). In the laponite [Mg5.34Li0.66Si8O20(OH)4]Na0.66] structure an octahedrally 
coordinated magnesia layer is present between two tetrahedrally coordinated silicate 
layers. Once magnesia in the layer is removed, the clay layer structure no longer 
exists.
29
 The laponite layers were converted to amorphous silicate when the magnesia is 
leached out. Powder XRD data of the sample indicates complete structure collapse 
during TiO2 loading, there is no peak or shoulder from laponite in the patterns for TiO2-
silicate and Au-TiO2-silicate as shown in Figure S4: SI. Au-La2O3-silicate, Au-CeO2-
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silicate and Au-ZrO2-silicate exhibit peaks related to laponite in their corresponding 
XRD patters at a lower intensity (Figure S3: SI). Porous supports give rise to two 
options for the locations of the supported Au NPs, either to be on the surface or in the 
pores. To analyse the Au NP locations, we calculated the PSDs of the catalysts using 
the desorption branch data and the Barrett-Joyner-Halenda (BJH) method. The obtained 
PSDs are given in Figure 6, which provide information about the pore structure of the 
support and locations of Au NPs. La2O3-silicate has most pores in a range between 8 
nm and 16 nm. The Au NP loading to La2O3-silicate shifted the PSD to the small pore 
sizes, suggesting that a substantial fraction of the Au NPs in Au-La2O3-silicate catalyst 
exist in large pores of the support as the Au NPs in these pores reduce volume of large 
pores but increase the volume of smaller pores. In contrast, the Au NP loading on the 
TiO2-silicate supports result in a shift of the PSD to a large pore size. This indicates 
that many small pores in TiO2-silicate are occupied or blocked by Au NPs and Au NPs 
are on the external surface of the support (the void between the Au NPs are newly 
formed large mesopores). In the case of porous composite of ZrO2 and silicate all pores 
in the system are smaller than 4.5 nm. When correlating the photocatalytic performance 
of the samples with their PSD, we find that the sample with larger mesopores is more 
active. The Au NPs in the pores are small and have weak LSPR absorption (Figure S3: 
SI) and small pores could impede the diffusion of the reactant molecules into the pores.  
 
Figure 6. Pore size distribution of Au-TiO2-silicate and Au- CeO2-silicate derived from 
N2 sorption isotherm, BJH method (desorption branch) 
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However, it is noteworthy that the Au-La2O3-silicate which has more Au NPs placed 
on the pores compared to the surface has the best activity out of the catalysts 
investigated. Also Au-La2O3-silicate catalysts contained relatively high content of Mg, 
an indication of preserved layer structure up to a certain extent. Mg content of the 
catalysts are in line with the trend of conversion, the higher the Mg content the greater 
nitrobenzene reduction. Basic Mg(OH)2 sites are thus expected to strongly adsorb 
reactant molecules onto the surface and facilitate the efficient energy transfer between 
neighbouring Au NP and nitrobenzene molecule. Bond vibrations of Au-La2O3-silicate 
catalyst at various stages studied using Fourier transform infra red (FTIR) as given in 
Figure S5: SI, a broad peak around 3400 nm
-1
 is observed with the samples studied 
after subjecting to the reaction and is related to distorted -OH bond,
30 
In photocatalytic 
experiments the adsorption of reactant molecules is highly critical for the rate of the 
reaction, since high adsorption capacities favour the reaction.
31
 
The effect of gold content on the catalytic performances was studied with Au-La2O3-
silicate photocatalysts at 4 different Au loadings, 0wt%, 1.5wt%, 3wt% and 5wt%. The 
optimal overall conversion is observed from the catalyst with a gold content of 3wt%. 
Further increase in the gold content to 5wt% did not improve the conversion. The 
results given in Table 3 indicate high turnover numbers (TON) and frequencies (TOF) 
due to high conversion of nitrobenzene molecules per active site of Au. TON and TOF 
were calculated based on the conversion observed in GC product analysis and it is 
assumed every Au atom behaves as an active site. TON is the conversion of 
nitrobenzene per active site of the Au catalyst. TOF is conversion of nitrobenzene per 
active site of Au per unit time. The TONs further convince the fact that metal NPs 
photocatalysts are superior to semiconductors, whose TONs are low due to charge 
recombination.
32
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Table 3. Conversion of nitrobenzene to azoxyenzene by Au-La2O3-silicate  
Au  [wt%] conv.[%] sel.[%] TON
b
 TOF
c
 [h
-1
] 
0 -- -- -- -- 
1.5 60 97 233.6 58.4 
3 81 93 158.3 39.6 
5 80 94 94 23.5 
b
 turn over number (calculated based on GC conversion of nitrobenzene per active 
site of Au), 
c
 turnover frequency (calculated based on GC conversion of nitrobenzene 
per active site of Au per unit time). Reaction conditions: LED, nitrobenzene (3 mmol), 
IPA 30 mL, 0.1 M KOH (3 mL), Au-La-S catalyst (0.10 g), argon atmosphere (1 atm) 
and 40
o
C. 
Over-increase in the Au loading (>5wt%) brings about negative impact on the 
catalyst performance, although there is a positive relationship between light absorbance 
by Au NPs (peaked at ~530 nm) and the gold content of the samples (see the UV-vis 
spectra of the catalysts in Figure 7). We calculated the PSDs of the catalysts using the 
desorption branch data of the N2 sorption isotherms and the Barrett-Joyner-Halenda 
(BJH) method. The obtained PSDs are depicted in Figure 7b, which indicate that 
increases in Au loading from 1.5% of Au to 5% of Au results in decreases in pore 
volume in the pore size range between 8 nm and 12 nm (Figure 7b). It means that the 
Au NPs exist in the pores, and the over-increased Au loading may impede the access of 
reactant molecules to the Au NPs in the pores on which the reactions takes place.  
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Figure 7. a: UV-vis spectra, b: Pore size distribution of catalysts with different Au 
loading, and TEM images of c: 1.5%, d: 3% and e: 5% Au loaded Au-La2O3-silicate 
catalysts; scale bar 100 nm. 
Furthermore, we contend that the observed high product selectivity to azoxybenzene 
is because the Au NPs exist in the mesopores of the support. Reductive coupling of 
nitrobenzene with Au-La2O3 as the catalyst yield 57% conversion with only 36% of 
product being azoxybenzene.  Azoxybenzene is the intermediate when Au NPs on 
metal oxide powder support are used as the photocatalysts, and subsequently converted 
to azobenzene. It appears that the conversion of azoxybenzene to azobenzene is 
difficult in the mesopores. Azoxy aromatic compounds are also important intermediates 
for fine chemicals and pharmaceuticals. The finding in this study reveals that we may 
select the final product by the choice of mesoporous supports. 
The reaction is initially proposed to proceed through a free radical mechanism, 
forming Au-H species on Au surface. Previous reports indicate hydrogen donor ability 
of isopropanol in the presence of a base.
21
 Hence in this reaction isopropanol plays a 
dual role as the solvent and the H- donor. Reactions carried out with different solvents 
such as toluene and cyclohexane show no conversion and lower conversions (<10%) 
with ethanol, methanol and n-butanol. When the reaction is conducted without KOH no 
products observed even in the presence of isopropanol, thus isopropanol alone is not 
capable of providing H to the system. Hence, base is necessary to extract the hydrogen 
from isopropanol. This argument is further support by the fact that reaction with half of 
the usual amount of KOH (0.015 mmol) in isopropanol under otherwise identical 
conditions achieved a low conversion rate of 13%. 
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Figure 8. Reaction rate dependence on TEMPO 
2, 2, 6, 6-Tetramethylpiperidine 1-oxyl (TEMPO) is capable of abstracting H- from 
metal surfaces which in this system could possibly remove H from Au-H species, the 
proposed first step of the reaction. When varying amounts of TEMPO were added to 
the reaction mixture, the reaction proceeded at decreasing rates depending upon the 
ratio between nitrobenzene and TEMPO. The observed pattern indicates a clear 
dependence of the rate on the ratio between TEMPO: nitrobenzene as shown in Figure 
8.  
Based on previous literature
31
 and our previous observation, a tentative mechanism 
for the reduction of nitrobenzene to azoxybenzene is depicted in Scheme 2. We 
observed the gold conversion from nitroso benzene to azoxybenzene is a rapid 
transformation and therefore we believe nitrobenzene to nitroso benzene is the rate 
limiting step of this reaction. 
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Scheme 2. Proposed reaction pathway for nitrobenzene to azoxybenzene. 
EXPERIMENTAL METHODS 
Material synthesis. Laponite clay was used to prepare the mesoporous supports of 
silicate and metal oxide. The oxides include ceria, lanthania, titania and zirconia, and 
the obtained supports were named as CeO2-silicate, La2O3-silicate, TiO2-silicate and 
ZrO2-silicate, respectively.  
Precursors for ZrO2, CeO2 and La2O3 were prepared by refluxing 0.1 M solutions of 
ZrOCl2.8H2O for 3 h, Ce(NO3)3.6H2O for 24 h and LaCl3.7H2O for 24 h respectively. 
TiO2 was prepared by hydrolysing Ti(OCH3)4 in HCl and aging for 3 h following the 
method developed by Zhu et al.
29,33
 In a typical process, 1.0 g of laponite was slowly 
dispersed in 50 mL of water and kept stirring until transparent. Then 4.0 g of 
polyethylene glycol (PEG) 15S-9 surfactant was added drop-wise into the metal 
precursor solution with continuous stirring. The mixture was then transferred to Teflon 
lined autoclaves and heated at 100
o
C for 2 days. The solid was then recovered by 
centrifugation, followed by washing with water until no more Cl
-
 present (Tested with 
AgNO3). The product was then dried in air for 12 h and finally calcined at 500
o
C for 20 
h. 
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Au NPs were loaded onto those porous composites of silicate and metal oxides 
following the well-developed method using sodium borohydride as the reducing agent.
8
 
Generally, metal oxide-silicate composite powder (1.0 g) was dispersed in 40 mL of 
deionized water. Then 40 mL of 3.8×10
-3
 M HAuCl4 solution and 8 mL of 0.53 M 
lysine was added to the mixture under vigorous stirring and the solution was kept 
stirring for 30 min. To this suspension, 4 mL of freshly prepared 0.35 M sodium 
borohydride was added gradually, and stirring was prolonged for 1 h. Then the mixture 
was aged for 24 h. The solid in the mixture was filtered and washed with deionized 
water and finally with ethanol and collected by centrifugation and dried in vacuum at 
60
o
C for 16 h. The dried catalysts were employed directly in the photocatalytic 
experiments. 
Material characterization. The diffuse reflectance UV-vis (DR-UV-vis) spectra 
between 200-800 nm were recorded on a Cary 5000 UV-vis-NIR spectrophotometer. 
X-ray diffraction (XRD) patterns of the samples were recorded on a Philips 
PANalytical X’Pert PRO diffractometer using Cu Kα radiation (λ=1.5418Å) at 40 kV 
and 40 mA. Transmission electron microscopy (TEM) images were taken with a Philips 
CM200 Transmission electron microscope employing an accelerating voltage of 200 
kV. The specimens were fine powders deposited onto a copper micro grid coated with a 
holey carbon film, prepared by ultra-sonication of trace amount of catalyst powder 
dispersed in ethanol. Nitrogen physisorption isotherms were measured on the 
Micromeritics Tristar II 3020 particle analyzer. Prior to the analysis, samples were 
degassed at 110
o
C overnight under high vacuum. The specific surface area was 
calculated by the Brauner, Emmett, and Teller (BET) method from the data in a P/P0 
range between 0.05 and 0.2. The compositional data was determined by energy-
dispersive X-ray spectroscopy (EDS) attached to a FEI Quanta 200 scanning electron 
microscope (SEM). The infrared (IR) spectra were recorded on Nicolet Nexus 870 IR 
spectrophotometer equipped with a deuterated triglycine sulfate (DTGS) detector and a 
diamond attenuated total reflectance (ATR) smart accessory. For each measurement 64 
scans were collected over the spectral range of 4000–525 cm-1 with a resolution of 4 
cm
-1
. 
Photocatalytic activity tests. In general, nitroaromatic compound (0.3 mmol), 3 mL 
of isopropanol (IPA) solvent and 0.3 mL of 0.1 M KOH in IPA were added in a 10 mL 
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clean, dry round bottom flask. After the inclusion of 50 mg of catalyst the reactor was 
finally filled with Argon gas and kept magnetically stirring during the reaction. 
Reactions were carried out at 40
o
C for 6 h unless otherwise stated. For alcohol 
oxidation reactions, in a 10 mL dry clean reactor 0.26 mmol benzyl alcohol, 1.5 mL 
toluene and 30 mg of the catalyst was added and then purged with oxygen gas for 2 
minutes to make sure the reactor is saturated with gas and kept magnetically stirring in 
front of the light source for 24 h.   
Specimens of about 1.0 mL were collected in designed time intervals, filtered 
through Millipore filter (pore size 0.45 µm) in order to get rid of solid catalyst particles 
and analyzed via Agilent 6890 gas chromatograph (GC) equipped with a HP 5 column. 
The 500 W Halogen lamp or light emitting diode (LED, 8.4 W) was used as the light 
source. Silicone oil baths maintained at the desired temperature were used together with 
foil wrapped reactors for the reactions under light off condition.  
 
CONCLUSION 
In this work we have shown that by modifying the support, the overall scope of the 
catalyst can be expanded. Au-silicate is highly active for oxidation reactions while Au-
La2O3-silicate demonstrates excellent photoactivity and selectivity for reduction of 
nitro aromatics oxidation of aromatic alcohols. Furthermore, the study reveals Au NPs 
inside the pores of mesoporous supports are more active compared to Au NPs on the 
surface for the reactions in the present study. Additionally mesoporous supports deliver 
remarkable stability towards otherwise unstable azoxybenzene product. 
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Section 1: Computational details 
Systems were modelled using COMSOL Multiphysics, a commercially available finite 
element modelling package. 
Au-La2O3-silicate structures were modelled as 4nm gold spheres on top of a 1nm thick 
rectangle of silicate and lying against a 15 x 15 x 15 nm cube of La2O3. The gold 
particle was slightly submerged (0.5nm) into the adjoining media to reduce 
computational errors due to singularities in the contact points. A light wave was 
incident in -x, polarised in y. A range of wavelengths was tested from 400 – 800 nm. 
Perfectly matched layers were employed to absorb reflections from the structure.  
 
 Au-La2O3 structures were modelled as a 4nm diameter gold particle on a 100 nm 
diameter La2O3 sphere. The incidence of the light beam was from -x, polarised in y. 
The gold particle was slightly submerged (0.5nm) into the La2O3 sphere. 
 
 
 
Au_silicate structures were modelled as a 4 nm diameter gold particle on top of a 1nm 
thick piece of silicate. The incidence of the light beam was from -x, polarised in y. The 
gold particle was slightly submerged (0.5nm) into the La2O3 sphere. 
 
Scatt and Abs formula are taken from the paper M.W. Knight and N.J. Halas, New 
Journal of Physics, 10, 105006, 2008. No units needed (refer to paper). These were 
multiplied by the amplitude of the light source at a particular wavelength to give a 
better indication of the true Scatt and Abs seen experimentally. The |E/E0| calculations 
are taken at the wavelength of maximal field and divided by the incident amplitude.  
x 
y 
x 
y 
x 
y 
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Table S1: Nitrobenzene reduction at different temperatures 
Temperature/ 
o
C 
Time/ 
h 
Conver
sion/ % 
selectivity/ % 
aniline azobenzene 
azoxybe
nzene 
1,2-
diphenyl 
hydrazine 
40 
2 44     - 4 96 - 
4 56 - 5 95 - 
6 68 1 7 92 - 
24 97 3 33 64 - 
50 
2 94 1 19 80 - 
4 100 1 99 - - 
6 100 4 77 - 19 
24 100 5 34 - 61 
60 
2 100 1 90 9 - 
4 100 3 75 - 23 
6 100 4 34 - 62 
24 100 4        30 - 66 
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Table S2: Composition of the catalysts 
Catalyst 
wt / %     
Si  Mg  metal  Au 
Au-Ce-S 20.61 9.04 22.81 2.85 
Au-La-S 21.22 10.09 21.46 3.04 
Au-Ti-S 19.18 0.00 26.45 2.93 
Au-Zr-S 16.67 2.30 34.5 3.17 
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Figure SI: UV, XRD and TEM Characterization of Au-silicate and Au-La2O3-silicate 
 
 
Figure S1. A. X-ray diffraction patterns of Au-La2O3-silicate (purple line) and Au-
silicate (red line), *-peaks related to silicate, **- La2O3 and ***-metallic Au B. UV-
visible absorption spectra of Au-La2O3-silicate and Au-silicate, inset represents TEM 
images of the two catalysts, scale bar of Au-La2O3-silicate is 50 nm and Au- silicate is 
50 nm. 
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Figure S2: TEM and particle size distribution of Au-metal oxide-silicate catalysts 
 
 
 
 
 
 
103 
 
 
Figure S3: XRD patterns of Au-metal oxide-silicate catalysts 
 
XRD patterns of the samples. a- Laponite, b- La2O3-S, c- Au- La2O3-S, d- CeO2-S, e- 
Au- CeO2-S, f- ZrO2-S, g- Au-ZrO2-S, h- TiO2-S and i- Au-TiO2-S. The diffraction 
peaks from Au NPs are indicated by symbol * and other indexed peaks are from 
respective metal oxides. For example the four indexed peaks are from anatase TiO2.  
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Figure S4: Diffuse reflectance UV-Visible spectra of Au-metal oxide-silicate catalysts 
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Figure S5: FTIR patterns of the catalyst at varying stages of nitrobenzene reduction 
reaction 
 
FTIR peaks of a: Au-La2O3-S catalyst powder, b: Au-La2O3-S catalyst after the reaction 
with nitrobenzene and TEMPO, c: Au-La2O3-S catalyst after the reaction with 
nitrobenzene, d: Au-La2O3-S catalyst before the reaction with nitrobenzene and e: 
nitrobenzene. 
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CHAPTER 4 
MODIFIED SEMICONDUCTOR 
PHOTOCATALYST FOR SELECTIVE 
ORGANIC SYNTHESIS BY VISIBLE LIGHT 
  4.1 Introductory Remarks 
The field of photocataysis came into lime light only after the report of photocatalytic 
splitting of water in the presence UV light photons by TiO2. However, UV light only 
accounts for about 5% of the solar spectrum. This was the driving force in the field of 
photocatalytic research, either to look for new materials that can harvest more 
abundant visible light (43%) or to modify TiO2 based materials to enhance their 
visible light response to drive chemical reaction under visible light irradiation. 
Despite the tremendous improvement in the field of visible light photocataysis by 
noble metal nanoparticles and noble metal based alloy nanoparticles whose visible 
light response is due to LSPR effect, TiO2 still attracts much research attention. 
 In this chapter, published in Molecules; composite catalysts of TiO2 (anatase)-silicate 
was identified to be catalytically effective for the oxidative coupling of benzylic 
amines into corresponding imines under visible light irradiation. This composite 
catalytic system has a broad visible light response at λ > 460 nm, the enhanced visible 
light response of this catalytic system is proposed to be due to the high population of 
defects and contacts between silicate and anatase crystals in the composite and the 
strong interaction between benzylic amine and the catalyst. Furthermore, it was found 
that tuning the intensity and wavelength of the light irradiation and the reaction 
temperature can remarkably enhance the reaction activity. Water can also act as the 
solvent for the reaction with an excellent selectivity.  
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Abstract: Catalytic oxidation of amine to imine is of intense present interest since 
imines are important intermediates for the synthesis of fine chemicals, pharmaceuticals, 
and agricultural chemicals. However, considerable efforts have been made to develop 
efficient methods for the oxidation of secondary amines to imines, while little attention 
has until recently been given to the oxidation of primary amines, presumably owing to 
the high reactivity of generated imines of primary amines that are easily dehydrogenated 
to nitriles. Herein, we report the oxidative coupling of a series of primary benzylic 
amines into corresponding imines with dioxygen as the benign oxidant over composite 
catalysts of TiO2 (anatase)-silicate under visible light irradiation of λ < 460 nm. Visible 
light response of this system is believed to be as a result of high population of defects 
and contacts between silicate and anatase crystals in the composite and the strong 
interaction between benzylic amine and the catalyst. It is found that tuning the intensity 
and wavelength of the light irradiation and the reaction temperature can remarkably 
enhance the reaction activity. Water can also act as a green medium for the reaction 
with an excellent selectivity. This report contributes to the use of readily synthesized, 
environmentally benign, TiO2 based composite photocatalyst and solar energy to realize 
the transformation of primary amines to imine compounds.  
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1. Introduction 
Imines are a group of N-containing compounds, with a pivotal role as chemically 
and biologically useful intermediates in various cycloaddition, condensation and 
reduction reactions [1,2]. These compounds play a major role in pharmacophores, 
fragrances and numerous biologically active compounds [3]. For a long time, 
traditional condensation of amines with carbonyl compounds was regarded as the 
simplest way to prepare imines [4–6]. Highly reactive nature of aldehydes made 
handling difficult. This was overcome later by replacing aldehydes with alcohols and 
temporarily producing aldehydes in-situ within the reaction mixture and the subsequent 
reaction with an amine yield the imine compound [7,8]. Wang and co-workers have 
recently developed organosilicon supported TiO2 catalyst for this reaction at 160 °C 
with added base to achieve a good imine yield [9]. However, these processes yield 
range of by-products and greatly affect the selectivity to the desirable product.  
Amines are easily accessible compounds that can also be attractive precursors to 
synthesize imine by controlled oxidation. Until recently, several methods for oxidation 
of secondary amines to imines have been developed, while little attention has been 
devoted to the oxidation of primary amines. This is probably because of the generated 
imines, in which α-amino hydrogen is present, are generally intermediate products that 
are rapidly dehydrogenated to nitriles [10–12]. Subsequent research in the area has 
been dominated by the development of new catalytic processes that allow the aerobic 
oxidation of primary amines to imines under mild conditions. Angelici and co-workers 
reported aerobic oxidative homocoupling of primary amines to give imines, catalysed by 
gold powder (50 µm size) and gold nanoparticles supported on alumina (5% Au/Al2O3) 
in toluene at 100 °C [13]. Following this study Au/C and CuCl catalysts have been 
employed in this reaction at 100 °C under molecular oxygen  
atmosphere [14,15]. It is becoming increasingly important to look for new materials 
that can catalyse reactions under moderate conditions (relatively low temperature and 
pressure). In this regard, the utilization of sunlight as an energy source to reduce the 
working temperature has recently attracted much attention [16–18]. Wang and co-
workers have attained imines in excellent yields using mesoporous graphite carbon 
nitride photocatalyst at 80 °C [19]. In general, unavailability of structurally diverse 
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amines has hampered the synthetic scope of oxidative coupling of benzylic amines to 
yield corresponding imines, yet this method is highly selective for imines. 
Over the last few years, many efforts have been extended to organic redox-
transformation reactions using TiO2 photocatalysis [20–25]. However, to date, most of 
the reported reactions for the synthetic transformations using TiO2 photocatalysts were 
carried out under UV irradiation and were usually associated with low selectivity 
[26,27]. Performing visible light induced selective transformations by photocatalysts is 
a challenge that has gained increasing attention. Recent discoveries demonstrated the 
surface modification of TiO2 with noble metal complexes or nanoparticles rather than 
bulk doping might be a better strategy in light of new visible light responsive 
photocatalysts that could enhance the design of efficient redox reactions under visible 
light irradiation. Zhao and co-workers achieved this conversion of primary amine to 
imine with TiO2 under UV light irradiation (>300 nm) [28] and later they also found it 
is also possible for this reaction to be initiated by visible light irradiation of λ>420 nm 
[29]. According to them, amine molecules adsorbed onto TiO2 forms a surface complex 
that could absorb visible light and so initiate electron transfer and ensuing reactions. 
Because the reaction takes place on the TiO2 surface, we envisioned that ultrafine TiO2 
powders with large specific surface areas should exhibit better catalytic activity. A 
feasible approach to stabilizing TiO2 nanocrystals is to disperse them in an inorganic 
medium, such as layered clays creating porous composite structures, while ensuring 
that most of the surface of TiO2 crystals is accessible to various molecules [30]. 
Nevertheless, the structure of the composite solids has a profound impact on their 
catalytic performance [31]. The mesoporous composites of anatase nanocrystals and 
silicate are the catalyst materials of the optimal structure for high photocatalytic 
activity. Synthetic layered clay, laponite, can be used in the synthesis of the composite 
as silicate source [30]. 
 Here in we report TiO2 nanocrystal-silicate composite, prepared using laponite, as 
feasible photocatalyst for the selective oxidation of benzylamine to N-benzylidene 
benzylamine with excellent conversion and selectivity under the irradiation of visible 
light (λ<460 nm). It is found that in the TiO2-silicate composite catalyst TiO2 is in 
anatase anatase phase. Reference reactions with anatase show that under identical 
conditions TiO2-silicate composite catalyst exhibited a much more superior catalytic 
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activity to pure TiO2 (anatase) powder. Nitrogen adsorption data confirms the large 
surface area of the composite catalyst. Furthermore, we also found that water can be 
used as the solvent. This catalyst could be employed for heterocoupling of two 
structurally diverse amines in the synthesis of imines as well as homocoupling of 
benzylic amines to imines, and the catalyst can be recycled up to five rounds without 
any significant loss of activity. 
2 Results and Discussion 
The aerobic photocatalytic oxidation of benzylamine to N-benzylidene benzylamine 
was chosen as the model reaction to optimize the reaction system. Reactions are carried 
out using 500 W halogen lamps where the light emitted is in 400–800 nm range. 
According to the data given in Table 1 it is apparent that TiO2-silicate (abbreviated as 
TiO2-S hereafter) is the most photocatalytically active photocatalyst towards this 
transformation. Catalyst samples were also prepared by loading Au and Pd 
nanoparticles (NPs) (3% by weight) and another sample with AuPd alloy NPs (1.5% 
weight of each metal) loaded on to TiO2-S composite material (Characterization is 
provided in SI). We observed a lower imine product yield of 60% with Au@TiO2-S, 
compared to 82% by TiO2-S, despite the enhanced light absorption by Au NPs in the 
visible region due to localized surface plasmon resonance (LSPR) effect which is 
characterized by an intense band around 520 nm (Figure S1, Supplementary 
Information) [16–18]. This observation also serves as an example to support the fact, 
light absorption by a material is not the sole governing factor deciding catalysts ability 
to drive a particular chemical reaction under light irradiation. It appears that the 
reaction takes place on the surface of anatase, the loaded Au NPs lower the exposed 
surface area of TiO2, the catalytically active sites of this system, lowering the 
accessibility to the reactants. Pd@TiO2-S catalyst had similar activity to that of TiO2-S, 
whereas AuPd@TiO2-S was slightly sluggish. Results further indicate the unique 
potential of TiO2 based materials towards oxidation reactions and importance of 
evaluation of surface modifications of TiO2 for activity improvements. In control 
experiments, the reaction did not proceed without a photocatalyst or in the dark. 
Table 1. Photocatalytic oxidation of benzylamine to N-benzylidene benzylamine 
over different catalyst materials and solvents. 
a
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Entry Catalyst Solvent Conv. (%) 
b
 Sel. (%) 
b
 Yield (%) 
1 TiO2-S Acetonitrile 88 92 81 
2 TiO2-S DMSO 18 100 18 
3 TiO2-S THF 94 73 69 
4 TiO2-S Toluene 74 97 72 
5 Au@TiO2-S Acetonitrile 65 93 60 
6 AuPd@TiO2-S Acetonitrile 88 90 79 
7 Pd@TiO2-S Acetonitrile 89 96 85 
8 Laponite Acetonitrile 0 -- 0 
9 TiO2(anatase) Acetonitrile 51 100 51 
10 H-titanate Acetonitrile 73 97 71 
a
 Reaction conditions: 50 mg catalyst, 0.5 mmol benzylamine, 5 mL solvent, 500 W 
halogen lamp (cut off wavelength below 400 nm) intensity 0.36 W/cm
2
, 1 atm O2, 24 h. 
b
 
Determined by GC analysis.  
DMSO = dimethyl sulfoxide, THF = tetrahydrofuran. 
As can be seen in Table 1, activity of TiO2-S is superior to that of an equivalent 
amount of TiO2 (anatase) as the photocatalyst material. In order to understand this 
change in behaviour we closely studied the light absorption abilities of both TiO2 
(anatase) and TiO2-S, in the presence and absence of benzylamine. UV-Visible diffuse 
reflectance spectra of benzylamine adsorbed TiO2 (anatase) and  
TiO2-S shows increased absorbance compared to solitary TiO2 (anatase) and TiO2-S, 
particularly in the visible region. This observation agrees well with previous reports, 
where electron rich molecules like amines make a charge transfer complex with TiO2 
and respond to visible light illumination [29]. It is also notable, the absorption of 
benzylamine adsorbed on TiO2-S is significantly high compared to benzylamine 
adsorbed on TiO2 (anatase) as shown in the Figure 1A. Even though TiO2 is present in 
anatase phase in both TiO2 and TiO2-S photocatalysts used in the current study, the 
distribution of anatase particles is different in TiO2-S. During TiO2-S preparation, 
layered clay structure of precursor material laponite clay is lost as a result of the acidic 
titanium sol solution reacting with hydroxyl groups in the clay layers that are bound to 
magnesium ions within the layer [31]. Most of the magnesium in the clay was leached 
out in this way. Composition of the catalyst estimated by energy dispersive X-ray 
(EDX) confirms high weight percentage of silicate in the composite catalyst despite the 
leaching of Mg units. During preparation Si:Mg ratio (by weight) decreased from 
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1:0.58 to 1:0.25, this together with TEM image is a clear indication that ordered layer 
structure is damaged. Thus, TiO2 in this TiO2-S composite catalyst exists as discrete 
anatase crystals on fragmentized pieces of silicate. Correspondingly this composite 
structure restrains agglomeration of anatase particles leading to high exposed surface 
area of TiO2. Brunauer-Emmett-Teller (BET) surface area of initial laponite clay 
changed from 330.6 m
2
g
−1
 to 518.3 m
2
g
−1
 in the final TiO2-S catalyst material. The 
composite has porosity of about 0.4 cm
3
/g and a mean pore size of 5 nm. Finally, in the 
obtained composite catalyst silica particles and anatase crystals exist as inter-dispersed 
phases in nanometer scale with a highly porous structure as can be seen in Figure 1B.  
X-ray diffraction (XRD) pattern of the catalyst only exhibit peaks responsible for the 
anatase phase of TiO2 with no peaks related to silicate units or laponite clay, this 
indicates silica is present in the amorphous phase, and anatase particles of mean crystal 
size 4.22 nm (estimated by Debye-Scherrer equation using the broadening of the highly 
intense (101) XRD peak at 2θ = 25.3°) have homogeneously crystallized over 
amorphous silica moiety. This TiO2-S structure obtained in the present study, offers 
high thermal and chemical stability, also provides ample opportunity for the reactant 
molecules to interact with energetic charge carriers. Smaller anatase particles reduce 
the possibility of charge recombination, since charge carriers are generated at the close 
proximity of surface and efficiently captured by benzylamine and oxygen molecules on 
the surface. 
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Figure 1. (A) UV-Visible diffuse reflectance spectra; (B) transmission electron 
microscopy (TEM) image; (C) X-ray diffraction (XRD) peak patterns indexed for  
*—silicate phase and **—anatase phase; (D) energy dispersive X-ray (EDX) spectra of 
TiO2-S composite catalyst. 
To further investigate the contribution from light in this reaction, we conducted a 
series of reactions at variable intensities (Figure 2A). The conversion rate of 
benzylamine on TiO2-S catalyst increased gradually as the intensity increased, with the 
other reaction conditions unchanged (Experimental section). Selectivity to the product 
imine had a little influence on the intensity; however, overall imine yield (conversion 
rate x selectivity) increased with the intensity. Such a tendency reveals a strong 
dependence on the intensity for the light induced oxidative coupling of benzylamine, 
because in general light incident with a higher intensity is able to generate more 
115 
 
 
energetic charge carriers (holes and electrons). Such conditions favour stronger 
interaction between benzylamine and the catalyst, and positively influence the reaction. 
 
 
Figure 2. The effect of (a) light intensity and (b) temperature influence of the 
irradiation on the oxidative coupling of benzylamine. 
Impact of the temperature on the yield of the reaction was studied by conducting the 
experiments at two different temperatures slightly above room temperature (40 °C and 
50 °C). As shown in Figure 2b, observed yield was always high for the reaction under 
the study, oxidative coupling of benzylamine to imine at higher temperature for a given 
constant intensity within 40 to 50 °C temperature range. For instance, at 40 °C and 0.26 
W·cm
−2
 intensity, 58% of benzylamine was converted to imine product whereas at 50 
°C it was 83%. At high temperature however, the enhancement in the yield by 
increasing the intensity lessens since the selectivity to the imine product starts to 
decline, though reaction proceeds at a higher conversion rate. As the intensity was 
increased, the difference between the yields at 40 and 50 °C finally decreased, even 
though higher conversion rate was observed for 50 °C compared to that at 40 °C in all 
cases. 
The dependence of yield on the irradiation wavelength was studied using five 
monochromatic light emitting diodes (LEDs) and it shows that higher photocatalytic 
yields are achieved under irradiation of short wavelengths (<460 nm). Anatase phase of 
TiO2 exhibits a band gap of 3.2 eV (387.5 nm) where as in this case TiO2-S is highly 
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active up to 460 nm. Figure 3 demonstrates the apparent quantum yield (A.Q.Y) 
dependence on the incident wavelength; A.Q.Y. is a measure of imine yield per photon 
of energy absorbed per unit time. This finding indicates that composite TiO2-S catalyst 
structure has a broad light response below 460 nm in the visible region due to the 
collective effects of benzylamine adsorbed TiO2 (anatase) charge transfer surface 
complex and high population of defects in the composite photocatalyst structure. This 
reveals that TiO2-S catalyst can function at a lower cut-off edge (460 nm) compared to 
420 nm cut-off for solitary TiO2 (anatase) system reported by Zhao and co-workers 
[29]. It is noteworthy that, in the composite structure of the catalyst there are contacts 
between silicate and anatase crystals. At these sites, the anatase surface is similar to the 
silica doped anatase surface that exhibits light absorption and visible light 
photocatalytic activity [32]. 
 
Figure 3. The effect of wavelength of the irradiation on the oxidative coupling of 
benzylamine. 
According to the results summarized in Table 1, the solvent has important impact on 
the catalytic activity. Acetonitrile serves as the best solvent for this reaction while the 
poorest performance was observed in DSMO. Water is a viable solvent for organic 
reactions, and it is interesting to study the impact of water as the reaction medium. For 
some organic reactions, water exhibits special reactivity or selectivity due to its unique 
physical properties. In the present study, benzylamine oxidation reaction proceeded in 
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water at a moderate conversion rate of 45.6% under the illumination of 500 W halogen 
lamp (400–800 nm) for 24 h, but with an excellent selectivity where the sole product 
being N-benzylidene benzylamine with an overall yield of 46%. Doubling the amount 
of catalyst from 50 mg to 100 mg of TiO2-S enhanced the reaction yield to 62% 
without compromising the selectivity.  
 Motivated by this result, we expanded the scope of the substrates for the 
oxidation of amines to imines. Table 2 summarizes the photocatalytic oxidation of the 
benzylic amines to corresponding imines with their conversion rate and selectivity. 
Oxidation of primary benzylic amines substituted with an electron donating group 
(Table 2, entry 2–3) proceeded efficiently under visible light irradiation with good to 
high conversion rates and high selectivity for the imine product. Substituent group 
influences the conversion rate of the reaction rather than the selectivity to the imine 
product. The relatively low conversion rate for the oxidative coupling of 4-
chlorobenzylamine (Table 2, entry 4) into its corresponding imine might be caused by 
inductive effects of C-Cl σ-bond polarity. No change was observed when aniline was 
subjected to the reaction, this is consistent with our hypothesis that the presence of a –
H, bonded to the α-carbon is important for this transformation to take place. 
Furthermore, non-aromatic cyclic amines (Table 2, entry 7–8) did not yield the desired 
imine product. Control experiments carried out using cyclohexylamine (consisting of a 
single α-hydrogen) produced the corresponding oxime (cyclohexanone oxime) instead 
of the imine. Benzaldehyde oxime was one of the products observed during the time 
course of the reaction of benzylamine. 
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Table 2. Aerobic oxidation of primary benzylic amines photocatalyzed by TiO2-S 
under visible light irradiation. 
a 
 
 
Entry Substrate Product Con. (%) 
b
 
Select. (%) 
b
 
Yield 
(%) 
1 
  
88 92 81 
2 
  
96 92 88 
3 
  
100 96 96 
4 
  
57 100 57 
   88
c
 >99 
c
 87 
c
 
5 
  
91 35 32 
7 
  
51 20 10 
8 
  
74 48 36 
a
 Reaction condition: 50 mg catalyst, 0.5 mmol amine substrate, 5 mL acetonitrile, 500 W halogen 
lamp (cut-off wavelength below 400 nm) intensity 0.36 W/cm
2
, 1 atm O2, 24 h. 
b
 Determined by GC 
analysis. 
c
 Reaction time 36 h. 
 
This reaction goes through the widely known intermediate benzaldehyde and a 
tentative mechanistic pathway is given in Scheme 1 based on the products observed. 
The photocatalysts contribution is mainly in the step of benzylamine oxidation to 
benzaldehyde, whereas the condensation of benzaldehyde with a benzylamine 
molecule leading to the imine product is faster. In the oxidation step, TiO2-
benzylamine surface complex absorb visible light < 460 nm and excite electrons. 
These excited electrons are then captured by oxygen molecules adsorbed on TiO2 
surface, then in the proceeding steps oxygen interacts with benzylamine and the 
substrate molecules lose the H bonded to the α-carbon atom, and oxidized to aldehyde. 
Thus, it is rational that under visible light irradiation, the oxygen molecules adsorbed 
on the catalyst capture the light excited electrons, and react with the H at the α-carbon. 
The role of oxygen is further confirmed, when the reaction was carried out in the air 
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atmosphere benzylamine exhibit a relatively lower observed conversion rate of 51% 
and a selectivity of 96%, yielding 49% of imine after 24 h. This mechanism agrees 
well with the observed product selectivity results. At higher conversions of 
benzylamine, a decrease in the selectivity for the imine occurs and benzaldehyde 
appears in the products. This is due to the fact that, increased consumption of 
benzylamine in the solution could not ensure the complete condensation of aldehyde 
and the amine. 
 
 
Scheme 1. Tentative reaction pathway. 
The ability of TiO2-S photocatalyst to catalyse the oxidative cross-coupling of two 
benzylic amines with different substituent groups to yield a heterocoupled imine 
product was also studied using benzylamine, 4-methylbenzylamine and 4-
methoxybenzylamine (two at a given reaction). The results demonstrated a poor 
selectivity since all four possible imines were observed in relatively similar yields after 
24 h. Oxidative coupling of benzylamine with 4-methylbenzylamine had 95% of imine 
product yield. Self-coupling products of benzylamine (28%) and 4-methylbenzylamine 
(22%) were observed together with the two heterocoupled imines (50%), the product 
distribution of heterocoupling of benzylamine with  
4-methylbenzylamine is as desired (~1:1:1:1) since difference in the nucleophilicities of 
“H” and methyl group is not significant. In order to evaluate the product distribution 
over the time span of this heterocoupled imine synthesis, we chose benzylamine and 4-
methoxybenzylamine as the two benzylic amine substrates and the reaction profile is 
given in the Table 3, this reveals both the precursor imines produce the corresponding 
aldehydes as per the oxygenation step shown in Scheme 1, and then reacts with a free 
amine molecule to yield the final imine. Aldehyde of more electro deficient nucleus 
reacts faster with the more electron rich amine (P3) at early stages of the reaction and 
then with either amine as the reaction is progressing. Rate of aldehyde formation is 
slower in electron rich benzene nucleus, benzylamine in this system and it acts as the 
120 
 
 
nucleophile (amine half), while 4-methoxybezylamine is easier to oxidize and 
preferentially be the aldehyde half. In the product distribution more P3 and P4 are 
observed during the whole cause of the reaction indicating high formation and 
reactivity of 4-methoxybenzaldehyde. Dual amine systems of benzylamine/aniline and 4-
methoxybenzylamine/aniline yield only the self-coupled imines of benzylamine (92%) 
and 4-methoxybenzylamine (96%) respectively. Amount of aniline introduced in the 
reaction system remained unchanged even after the reaction, portraying its inert role in 
this photocatalysed oxidative coupling reaction, aniline with a –NH2 unit in its structure 
failed to participate in this heterocoupling reactions at least as the amine half.  
Reusability of the catalyst is an important parameter in heterogeneous catalysis. 
The composite TiO2-S photocatalyst studied in this system can be recovered readily 
from aqueous or organic solutions by simple filtration or sedimentation. The anatase 
nanocrystals in these composite samples are linked to silicate pieces such that grains in 
the µm scale are formed. Operational life of this catalyst examined over five 
consecutive rounds (Figure 4) revealed no apparent activity loss after five rounds. This 
further confirms the thermal and chemical stability of the catalyst. However selectivity 
towards the imine product was gradually decreased during each cycle lowering the 
overall product yield. 
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Table 3. Time conversion plot for oxidative coupling of benzylamine with 4-
methoxybenzylamine 
a
. 
Entry Time (h) 
Conversion (%) Selectivity (%) 
Benzylamine 
4-
Methoxybenzylamine 
P1 P2 P3 P4 
1 2 13 13 0 0 100 0 
2 4 41 57 12 12 40 36 
3 8 84 90 15 16 38 32 
4 17 96 97 19 16 40 26 
5 20 96 97 21 16 40 24 
a
 Reaction Conditions: 25 mg catalyst, 0.25 mmol amine substrates, 2 mL acetonitrile, 500 
W halogen lamp (cut-off wavelength below 400 nm) intensity 0.36 W/cm
2
, 1 atm O2. 
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Figure 4. Reusability data of TiO2-S catalyst for the oxidative coupling of benzylamine. 
3. Experimental Section  
3.1. General Information and Materials 
The laponite clay was supplied from Fernz specialty chemicals Australia, all other 
chemicals were purchased from Sigma Aldrich (Castle Hill NSW, Australia) and used 
as received without further purification. Water used in all experiments was milli-Q 
water passing through an ultra-purification system. 
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3.2. General Procedure for the Synthesis of TiO2-S Composite  
TiO2 precursor was prepared by hydrolysing Ti(OCH3)4 in HCl for 3 h following a 
slightly modified method proposed by J. Sterte [30,31,33]. 
Initially 1.0 g of laponite was slowly dispersed in 50 mL of deionized water and kept 
stirring until it was transparent. Then 4.0 g of polyethylene glycol (FW 585) surfactant 
and the metal precursor solution was added drop wise with continuous stirring. Mixture 
was then transferred to teflon covered autoclaves and heated at 100 °C for 2 days. The 
solid was then recovered from centrifugation, followed by washing with water until no 
more chloride ions left (confirmed by a test with AgNO3). Product was then dried in air 
and finally calcined at 500 °C for 20 h with the step being 2 °C·min
−1
. 
 
3.3. Characterization of TiO2-S Composite 
The diffuse reflectance UV/Vis (DR-UV/Vis) spectra were recorded on a Cary 5000 
UV/Vis-NIR Spectrophotometer (Agilent, Santa Clara CA, USA). X-ray diffraction 
(XRD) patterns of the samples were recorded on a Philips PANalytical X’Pert PRO 
diffractometer (PANalytical, Sydney, Australia) using CuKα radiation (l = 1.5418 Å) at 
40 kV and 40 mA. Transmission electron microscopy (TEM) images were taken with a 
Philips CM200 Transmission electron microscope (Philips, Eindhoven, The Netherlands) 
employing an accelerating voltage of 200 kV. The specimens were fine powders 
deposited onto a copper micro grid coated with a holey carbon film. Nitrogen 
physisorption isotherms were measured on the Tristar II 3020 (Micromeritics, Norcross 
GA, USA). Prior to the analysis, sample was degassed at 110 °C overnight under high 
vacuum. The specific surface area was calculated by the Brunauer-Emmett-Teller 
(BET) method from the data in a P/P° range between 0.05 and 0.2. The compositional 
data was determined by energy-dispersive X-ray spectroscopy (EDS) (EDAX, Mahwah 
NJ, USA) attached to an FEI Quanta 200 scanning electron microscope (SEM, Quanta, 
Oregon, and USA). 
3.4. General Procedure for the Photocatalytic Reactions 
Benzylic amine compound 0.5 mmol, 5 mL of solvent were measured to a clean dry 
reactor tube. Exactly 50 mg of the catalyst was then added and finally the reactor was 
purged with oxygen gas. These reactors were kept magnetically stirring in front of a 
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500 W halogen lamp (except for dark and wavelength experiments) for 24 h at 40 °C. 
At the end of the reaction 1 mL samples were collected in to small glass vials after 
filtering out the solid catalyst using 0.2 µm milli pore filter. We tested for the products 
using a gas chromatograph (GC, Agilent, Santa Clara CA, USA) equipped with a DB 5 
column. For wavelength experiments, 5 monochromatic light emitting diodes (LEDs) of 
390–410 nm, 460–462 nm, 515–517 nm, 587.5–560 nm or 620–625 nm was used. 
 
4 Conclusions 
We have successfully applied TiO2-S composite photocatalyst in the oxidative 
coupling of benzylamine to imine under visible light irradiation. The numerous 
contacts between the anatase crystals and silicate and high population of defects in the 
composite photocatalyst are the possible reasons behind the enhanced visible light 
activity. The formation of imines proceed via an oxidation pathway: under visible light 
irradiation, the oxygen molecules adsorbed on the catalyst capture the light excited 
electrons, and react with the H bonded to the α-carbon of the substrate molecules, 
which is oxidized to aldehyde. The condensation of the aldehyde with amine yields the 
product imine. This photocatalyst has a very high activity in the region λ < 460 nm. 
This range is much broader compared to previously reported results for anatase 
materials (λ > 420 nm). Intensity, wavelength and reaction temperature can be tuned to 
optimize the reaction rate of TiO2-S catalysed oxidative coupling of benzylic amines. 
Water can be used as a solvent giving moderate conversion rate but sole product. These 
findings encourage us to further study the surface modified titania based materials for 
selective organic synthesis.  
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Supporting Information 
 
Figure S1. UV-Vis diffuse reflectance spectra of the metal loaded photocatalyst 
samples. 
 
Figure S2. XRD peak patterns of the metal loaded photocatalyst samples. 
*—peak related to Pd (2θ = 34o), **—peaks related to Au [002], [022]. 
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Figure S3. TEM image of 3% Au@ TiO2-S. 
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CONCLUSIONS AND FUTURE WORK 
Conclusions 
In chapter 2, we developed a new light-driven process with a variety of stable, 
reusable and readily prepared catalysts of V6O13 clusters dispersed on oxide supports. 
The process is highly effective for selective oxidation of aliphatic and aromatic 
alcohols to the corresponding aldehydes and ketones under visible light irradiation 
using molecular oxygen as a benign oxidant. The reaction is likely to proceed via an 
excited state V6O13-alkoxide intermediate and subsequent elimination of α-H in the 
alkoxide to produce the carbonyl compound. This represents a new mechanism distinct 
from conventional processes for semiconductor photocatalysts. It was also 
demonstrated that the catalytic selective oxidation can be driven with focused sunlight 
at ambient temperature. Furthermore, these catalysts are able to oxidize relatively stable 
C-H bonds present in alkyl aromatics at ambient temperature using molecular oxygen 
under visible irradiation. The catalytic process is temperature independent and driven 
entirely by light. The prospect of non-noble metal catalysed selective oxidation using 
an earth abundant element and molecular oxygen at room temperature has the potential 
to deliver greener industrial processes in the future. 
In chapter 3 we have shown that by modifying the support, the overall scope of the 
catalyst can be expanded. Au-silicate is highly active for oxidation reactions while Au-
La2O3-silicate demonstrates excellent photo activity and selectivity for reduction of 
nitro aromatics and oxidation of aromatic alcohols. Furthermore, the study reveals Au 
NPs inside the pores of mesoporous supports are more active compared to Au NPs on 
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the surface for the reactions in the present study. Additionally mesoporous supports 
deliver remarkable stability towards otherwise unstable azoxybenzene product. 
In chapter 4, we have successfully applied anatase supported composite 
photocatalyst in the oxidative coupling of benzylamine to imine under visible light 
irradiation. The numerous contacts between the anatase crystals and silicate and high 
population of defects in the composite photocatalyst are the possible reasons behind the 
enhanced visible light activity. The formation of imines proceed via an oxidation 
pathway: under visible light irradiation, the oxygen molecules adsorbed on the catalyst 
capture the light excited electrons, and react with the H bonded to the α-carbon of the 
substrate molecules, which is oxidized to aldehyde. The condensation of the aldehyde 
with amine yields the product imine. This photocatalyst has a very high activity in the 
region λ > 460 nm. This value is much higher compared to previously reported results 
for anatase materials (λ > 420 nm). Intensity, wavelength and reaction temperature can 
be tuned to optimize the reaction rate of TiO2-S catalysed oxidative coupling of 
benzylic amines. Water can be used as a solvent giving moderate conversion rate but 
sole product. These findings encourage us to further study the surface modified titania 
based materials for selective organic synthesis. 
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Future Work 
In-situ preparation of heterogeneous catalysts in the reaction vessel under the reaction 
conditions is the most recent advancement in photocatalysis. The precursor material of 
supported V6O13 photocatalyst discussed in chapter 2, vanadium acetylacetonate 
(V(acac)2) is visible light responsive but cannot be reused since it dissolves in the 
reaction medium. If we can stabilize this on a support material or convert into different 
form of vanadium by light irradiation, such a system could greatly alleviate the catalyst 
preparation time and attract industrial installation and will be low cost. Furthermore it 
is beneficial to study the strength of Ta, Ga, Nb metal oxide species on insulator 
supports as non-metal NP photocatalyst to deeply understand the underlying 
mechanism and thereby, tailor make catalysts to suit the reaction at hand. These metal 
oxide photocatalysts evidently function via electron transfer mechanisms different from 
that of semiconductors.  
Nanostructures made from noble metal-transition metal alloys will serve as best 
candidates for visible light photocatalysis, because their Fermi level and surface 
plasmon frequency can be modified by slightly changing the size, shape and the metal 
ratio of the alloying metals. This combined with other materials such as conducting 
metal nitrides (TiN, ZrN and TaN) would be worth studying in organic synthesis, since 
they exhibit metallic properties at visible frequencies. It is also possible to extend the 
substrate scope of feasible reactions by this method apart from applying this composite 
photocatalyst for wide range of reactions which are catalysed by means of thermal 
energy at present.  
Systematically regulating the pore size distribution of porous supports by keeping the 
size of the metal NPs constant and vice versa is a practical approach to evaluate the 
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contribution of support on the overall rate of the reaction. Also studies by modulating 
the surface acidity and basicity of the support materials metal NPs are loaded to, pave 
the route to better understand the electron transfer mechanisms involved and to identify 
the rate determining step of the reaction with a high level of confidence. 
Plenty of literature states the importance of particular surface facets for the 
activation of various molecules, either by increasing the number of under-coordinated 
atoms or otherwise. However, particle shape effect on the photocatalytic synthesis of 
fine chemicals is scarce. Therefore, it is important to study the particle shape effects in 
relation to the shift of their plasmon excitation band and the ability of activating the 
reactant molecules. The findings might lead to achieve two simultaneous reactions with 
a high level of selectivity in a single reactor by carefully manipulating the reaction 
conditions, if the reaction is allowed in one surface facet and forbidden in the other 
facet.  
   
